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4.1 Introduction 


Within chemistry, symmetry is important both at a molecu- 
lar level and within crystalline systems, and an understand- 
ing of symmetry is essential in discussions of molecular 
spectroscopy and calculations of molecular properties. A dis- 
cussion of crystal symmetry is not appropriate in this book, 
and we introduce only molecular symmetry. For qualitative 
purposes, it is sufficient to refer to the shape of a molecule 
using terms such as tetrahedral, octahedral or square planar. 
However, the common use of these descriptors is not always 
precise, e.g. consider the structures of BF3, 4.1, and BF,H, 
4.2, both of which are planar. A molecule of BF; is correctly 
described as being trigonal planar, since its symmetry 
properties are fully consistent with this description; all the 
F—B-—F bond angles are 120° and the B—F bond distances 
are all identical (131 pm). It is correct to say that the boron 
centre in BFH, 4.2, is in a pseudo-trigonal planar environ- 
ment but the molecular symmetry properties are not the 
same as those of BF;. The F—B—F bond angle in BF>H is 
smaller than the two H—B-—F angles, and the B—H bond 
is shorter (119 pm) than the B—F bonds (131 pm). 


F H 
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F CF F CF 
120 118 
(4.1) (4.2) 


The descriptor symmetrical implies that a species possesses 
a number of indistinguishable configurations. When struc- 
ture 4.1 is rotated in the plane of the paper through 120°, 
the resulting structure is indistinguishable from the first; 
another 120° rotation results in a third indistinguishable 


molecular orientation (Figure 4.1). This is not true if we 
carry out the same rotational operations on BF>H. 

Group theory is the mathematical treatment of symmetry. 
In this chapter, we introduce the fundamental language of 
group theory (symmetry operator, symmetry element, point 
group and character table). The chapter does not set out to 
give a comprehensive survey of molecular symmetry, but rather 
to introduce some common terminology and its meaning. We 
include in this chapter an introduction to the vibrational spec- 
tra of simple inorganic molecules, for example, how to use this 
technique to distinguish between possible structures for XY>, 
XY, and XY, molecules. Complete normal coordinate analysis 
of such species is beyond the remit of this book. 


4.2 Symmetry operations and symmetry 
elements 


In Figure 4.1, we applied 120° rotations to BF, and saw that 
each rotation generated a representation of the molecule that 
was indistinguishable from the first. Each rotation is an 
example of a symmetry operation. 


A symmetry operation is an operation performed on an object 
which leaves it in a configuration that is indistinguishable 
from, and superimposable on, the original configuration. 


The rotations described in Figure 4.1 are performed about 
an axis perpendicular to the plane of the paper and passing 
through the boron atom; the axis is an example of a symme- 
try element. 


A symmetry operation is carried out with respect to points, 
lines or planes, the latter being the symmetry elements. 
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Fig. 4.1 Rotation of the trigonal planar BF; molecule through 120° generates a representation of the structure that is 
indistinguishable from the first; one F atom is marked in red simply as a label. A second 120° rotation gives another 


indistinguishable structural representation. 


Rotation about an n-fold axis of symmetry 


The symmetry operation of rotation about an n-fold axis 
(the symmetry element) is denoted by the symbol C,, in 


which the angle of rotation is ; n is an integer, e.g. 2, 3 
1 


or 4. Applying this notation to the BF, molecule in 
Figure 4.1 gives a value of n = 3 (equation 4.1), and therefore 
we say that the BF, molecule contains a C; rotation axis; in 
this case, the axis lies perpendicular to the plane containing 
the molecule. 


360° 
n 


Angle of rotation = 120° = (4.1) 
In addition, BF; also contains three 2-fold (C3) rotation axes, 
each coincident with a B—F bond as shown in Figure 4.2. 

If a molecule possesses more than one type of n-axis, the 
axis of highest value of n is called the principal axis; it is 
the axis of highest molecular symmetry. For example, in 
BF3, the C3 axis is the principal axis. 

In some molecules, rotation axes of lower orders than the 
principal axis may be coincident with the principal axis. For 
example, in square planar XeFy, the principal axis is a C4 
axis but this also coincides with a C, axis (see Figure 4.4). 

Where a molecule contains more than one type of C,, axis 
with the same value of n, they are distinguished by using 


i ) Fig. 4.2 The 3-fold (C3) and three 2-fold (C2) axes of 
À symmetry possessed by the trigonal planar BF; molecule. 


prime marks, e.g. C2, C' and C,''. We return to this in the 
discussion of XeF, (see Figure 4.4). 


Self-study exercises 


1. Each of the following contains a 6-membered ring: benzene, 
borazine (see Figure 13.21), pyridine and S¢ (see Box 1.1). 
Explain why only benzene contains a 6-fold principal rotation 
axis. 


2. Among the following, why does only XeF, contain a 4-fold 
principal rotation axis: CF4, SF4, [BF4] and XeF4? 


3. Draw the structure of [XeF;] . On the diagram, mark the C; 
axis. The molecule contains five C, axes. Where are these 
axes? [Ans. for structure, see worked example 2.7] 


4. Look at the structure of BH in Figure 13.26a. Where is the 
C; axis in this molecule? 


Reflection through a plane of symmetry 
(mirror plane) 


If reflection of all parts of a molecule through a plane 
produces an indistinguishable configuration, the plane is a 
plane of symmetry; the symmetry operation is one of reflec- 
tion and the symmetry element is the mirror plane (denoted 
by a). For BF}, the plane containing the molecular frame- 
work (the brown plane shown in Figure 4.2) is a mirror 
plane. In this case, the plane lies perpendicular to the vertical 
principal axis and is denoted by the symbol oy. 

The framework of atoms in a linear, bent or planar 
molecule can always be drawn in a plane, but this plane can 
be labelled o, only if the molecule possesses a C, axis perpen- 
dicular to the plane. If the plane contains the principal axis, it is 
labelled o,. Consider the HO molecule. This possesses a C, 
axis (Figure 4.3) but it also contains two mirror planes, one 
containing the H,O framework, and one perpendicular to it. 
Each plane contains the principal axis of rotation and so 
may be denoted as a, but in order to distinguish between 
them, we use the notations o, and o,'. The gẹ, label refers to 
the plane that bisects the H-O—H bond angle and the o,' 
label refers to the plane in which the molecule lies. 

A special type of ø plane which contains the principal 
rotation axis, but which bisects the angle between two 


(a) (b) (c) 


jei Fig. 4.3 The H2O molecule possesses one C, axis and 
two mirror planes. (a) The C, axis and the plane of 
symmetry that contains the H,O molecule. (b) The C, axis 
and the plane of symmetry that is perpendicular to the plane 
of the H,O molecule. (c) Planes of symmetry in a molecule are 
often shown together on one diagram; this representation for 
H,O combines diagrams (a) and (b). 


Ma 


adjacent 2-fold axes, is labelled og. A square planar molecule 
such as XeF, provides an example. Figure 4.4a shows that 
XeF, contains a C, axis (the principal axis) and perpen- 
dicular to this is the øp plane in which the molecule lies. 
Coincident with the C4 axis is a C, axis. Within the plane 
of the molecule, there are two sets of C, axes. One type 
(the C,' axis) coincides with F—Xe-F bonds, while the 
second type (the C," axis) bisects the F—Xe-F 90° angle 
(Figure 4.4). We can now define two sets of mirror planes: 
one type (o,) contains the principal axis and a C,' axis 
(Figure 4.4b), while the second type (og) contains the 
principal axis and a C," axis (Figure 4.4c). Each og plane 
bisects the angle between two C)' axes. 

In the notation for planes of symmetry, ø, the subscripts 
h, v and d stand for horizontal, vertical and dihedral 
respectively. 


Self-study exercises 


1. N,O,4 is planar (Figure 15.15). Show that it possesses three 
planes of symmetry. 


Y Fig. 4.4 The square planar molecule XeFy. (a) One C, axis coincides with the principal (C4) axis; the molecule lies in a op 
plane which contains two C,' and two C," axes. (b) Each of the two o, planes contains the C, axis and one C,' axis. 
(c) Each of the two og planes contains the C, axis and one C," axis. 
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2. B,Br, has the following staggered structure: 


Show that B,Br4 has one less plane of symmetry than B,F4 
which is planar. 


3. Ga,Hg has the following structure in the gas phase: 


Q f 


Show that it possesses three planes of symmetry. 


4. Show that the planes of symmetry in benzene are one oj, three 
o, and three oy. 


Reflection through a centre of symmetry 
(inversion centre) 


If reflection of all parts of a molecule through the centre of the 
molecule produces an indistinguishable configuration, the 
centre is a centre of symmetry, also called a centre of 
inversion (see also Box 2.1); it is designated by the symbol i. 
Each of the molecules CO, (4.3), trans-N.F (see worked 
example 4.1), SF (4.4) and benzene (4.5) possesses a 
centre of symmetry, but H2S (4.6), cis-NF, (4.7) and SiH, 
(4.8) do not. 


(4.3) (4.4) 


(4.5) (4.6) 


e y 


oe A 


(4.7) (4.8) 


Self-study exercises 


1. Draw the structures of each of the following species and 
confirm that each possesses a centre of symmetry: CS), 
[PF6] , XeF4, z, ICh] . 

2; [PtCl] has a centre of symmetry, but [CoCl,- does not. 
One is square planar and the other is tetrahedral. Which is 
which? 

3. Why does CO, possess an inversion centre, but NO, does not? 


4. CS, and HCN are both linear. Explain why CS, possesses a 
centre of symmetry whereas HCN does not. 


Rotation about an axis, followed by 
reflection through a plane perpendicular to 
this axis 


o 


3 
If rotation through a about an axis, followed by reflection 
n 


through a plane perpendicular to that axis, yields an indistin- 
guishable configuration, the axis is an n-fold rotation- 
reflection axis, also called an n-fold improper rotation axis. 
It is denoted by the symbol S„. Tetrahedral species of the 
type XY, (all Y groups must be equivalent) possess three 
S4 axes, and the operation of one S4 rotation—reflection in 
the CH, molecule is illustrated in Figure 4.5. 


Self-study exercises 


1. Explain why BF3 possesses an S3 axis, but NF; does not. 


2. CH6 in a staggered conformation possesses an S6 axis. Show 
that this axis lies along the C—C bond. 


3. Figure 4.5 shows one of the S4 axes in CH4. On going from 
CH, to CH,Ch, are the $4 axes retained? 


Identity operator 


All objects can be operated upon by the identity operator E. 
This is the simplest operator (although it may not be easy to 
appreciate why we identify such an operator!) and effectively 
identifies the molecular configuration. The operator E leaves 
the molecule unchanged. 


Axis bisects the 
H-C-H bond 
angle 


Rotate 
through 
90° 


jee i : ; F : ; ; 360 
_\ Fig. 4.5 An improper rotation (or rotation-reflection), S„, involves rotation about 


Reflect 
through a 
plane that is 
perpendicular 
to the original 
rotation axis 


= 


o 


followed by reflection through a 


n 
plane that is perpendicular to the rotation axis. The diagram illustrates the operation about one of the S4 axes in CH4; three 
S4 operations are possible for the CH, molecule. [Exercise: where are the three rotation axes for the three S4 operations in CH4?] 


Worked example 4.1 Symmetry properties of cis- and 
trans-N2F2 


How do the rotation axes and planes of symmetry in cis- and 
trans-N,F, differ? 


First draw the structures of cis- and trans-N,F,; both are 
planar molecules. 


N==N 


cis trans 


1. The identity operator E applies to each isomer. 

2. Each isomer possesses a plane of symmetry which con- 
tains the molecular framework. However, their labels 
differ (see point 5 below). 

3. The cis-isomer contains a C, axis which lies in the plane 
of the molecule, but the trans-isomer contains a C, axis 
which bisects the N—N bond and is perpendicular to 
the plane of the molecule. 


4. The cis- (but not the trans-) isomer contains a mirror 
plane, o,, lying perpendicular to the plane of the 
molecule and bisecting the N—N bond: 


A. 
y { y 


5. The consequence of the different types of C, axes, 
and the presence of the o, plane in the cis-isomer, is 
that the symmetry planes containing the cis- and 
trans-NF, molecular frameworks are labelled o,' and 
Opn respectively. 


Self-study exercises 


1. How do the rotation axes and planes of symmetry in Z- and E- 
CFH=CFH differ? 


2. How many planes of symmetry do (a) F,C=O, (b) CIFC=O 
and (c) [HCO,] possess? [Ans. (a) 2; (b) 1; (c) 2] 


Worked example 4.2 Symmetry elements in NH3 


The symmetry elements for NH; are E, C, and 30,. (a) Draw 
the structure of NH3. (b) What is the meaning of the E opera- 
tor? (c) Draw a diagram to show the symmetry elements. 


(a) The molecule is trigonal pyramidal. 


Nu, 
we \ 2 
H 


H 


(b) The E operator is the identity operator and it leaves the 
molecule unchanged. 

(c) The C; axis passes through the N atom, perpendicular to 
a plane containing the three H atoms. Each o, plane 
contains one N—H bond and bisects the opposite 
H—N-H bond angle. 


Self-study exercises 


1. What symmetry elements are lost in going from NH, to 
NH,Cl? [Ans. C3; two oy] 


2. Compare the symmetry elements possessed by NH3, NH,Cl, 
NHC, and NCI. 


3. Draw a diagram to show the symmetry elements of NCIF>. 
[Ans. Show one o,; only other operator is £] 


Worked example 4.3 Trigonal planar BCl3 versus 
trigonal pyramidal PCI; 


What symmetry elements do BCl, and PCl, (a) have in 
common and (b) not have in common? 


PCI; is trigonal pyramidal (use the VSEPR model) and so 
possesses the same symmetry elements as NH; in worked 
example 4.2. These are E, C3 and 30. 

BCI, is trigonal planar (use VSEPR) and possesses all the 
above symmetry elements: 


C3 


& 


In addition, BCl; contains a o, plane and three C, axes 
(see Figure 4.2). 


Rotation through 120° about the C3 axis, followed by reflec- 
tion through the plane perpendicular to this axis (the o, 
plane), generates a molecular configuration indistinguishable 
from the first — this is an improper rotation $3. 


Conclusion 
The symmetry elements that BCl, and PCI, have in common 
are E, C} and 30. 

The symmetry elements possessed by BCl, but not by PCl, 
are oy, 3C, and $3. 


Self-study exercises 


1. Show that BF; and F,C=O have the following symmetry ele- 
ments in common: E, two mirror planes, one C3. 


2. How do the symmetry elements of CIF, and BF; differ? 
[Ans: BF3, as for BCl; above; CIF3, E, o,', oy, Cal 


4.3 Successive operations 


As we have seen in Section 4.2, a particular symbol is used to 
denote a specific symmetry element. To say that NH; 
possesses a C} axis tells us that we can rotate the molecule 
through 120° and end up with a molecular configuration 
that is indistinguishable from the first. However, it takes 
three such operations to give a configuration of the NH; 
molecule that exactly coincides with the first. The three 
separate 120° rotations are identified by using the notation 
in Figure 4.6. We cannot actually distinguish between the 
three H atoms, but for clarity they are labelled H(1), H(2) 
and H(3) in the figure. Since the third rotation, C$, returns 
the NH; molecule to its initial configuration, we can write 
equation 4.2, or, in general, equation 4.3. 


Caf (4.2) 
C= (4.3) 
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Fig. 4.6 Successive C3 rotations in NH; are distinguished using the notation C3, C } and C3. The effect of the last operation is the 
same as that of the identity operator acting on NH; in the initial configuration. 


Similar statements can be written to show the combined 
effects of successive operations. For example, in planar 
BCI, the S3 improper axis of rotation corresponds to rotation 
about the C3 axis followed by reflection through the op plane. 
This can be written in the form of equation 4.4. 


S3 = C3 X On (4.4) 


Self-study exercises 


1. [Ptc] is square planar; to what rotational operation is C 
equivalent? 


2. Draw a diagram to illustrate what the notation C 4 means with 
respect to rotational operations in benzene. 


4.4 Point groups 

The number and nature of the symmetry elements of a given 
molecule are conveniently denoted by its point group, and 
give rise to labels such as Cy, C3,, D3h, Dog, Ta, On Or h. 
These point groups belong to the classes of C groups, D 
groups and special groups, the latter containing groups 
that possess special symmetries, i.e. tetrahedral, octahedral 
and icosahedral. 

To describe the symmetry of a molecule in terms of one 
symmetry element (e.g. a rotation axis) provides information 
only about this property. Each of BF; and NH; possesses a 
3-fold axis of symmetry, but their structures and overall 
symmetries are different; BF; is trigonal planar and NH; is 
trigonal pyramidal. On the other hand, if we describe the 
symmetries of these molecules in terms of their respective 
point groups (D3, and C3,), we are providing information 
about all their symmetry elements. 

Before we look at some representative point groups, we 
emphasize that it is not essential to memorize the symmetry 


elements of a particular point group. These are listed in 
character tables (see Sections 4.5 and 5.4, and Appendix 3) 
which are widely available. 

Table 4.1 summarizes the most important classes of point 
group and gives their characteristic types of symmetry 
elements; E is, of course, common to every group. Some 
particular features of significance are given below. 


C, point group 


Molecules that appear to have no symmetry at all, e.g. 4.9, 
must possess the symmetry element E and effectively possess 
at least one C} axis of rotation. They therefore belong to the 
Cı point group, although since C, = E, the rotational 
symmetry operation is ignored when we list the symmetry 
elements of this point group. 


M i 


(4.9) 


Cv point group 


Cœ signifies the presence of an oo-fold axis of rotation, 
i.e. that possessed by a linear molecule (Figure 4.7); for the 
molecular species to belong to the Cv point group, it 
must also possess an infinite number of o, planes but no op 
plane or inversion centre. These criteria are met by asymme- 
trical diatomics such as HF, CO and [CN] (Figure 4.7a), 
and linear polyatomics (throughout this book, polyatomic 
is used to mean a species containing three or more atoms) 
that do not possess a centre of symmetry, e.g. OCS and 
HCN. 
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Table 4.1 Characteristic symmetry elements of some important classes of point groups. The characteristic symmetry elements of 
the Tj, Op and J, are omitted because the point groups are readily identified (see Figures 4.8 and 4.9). No distinction is made in 
this table between c, and oy planes of symmetry. For complete lists of symmetry elements, character tables (Appendix 3) should be 


consulted. 
Point group Characteristic symmetry elements Comments 
G; E, one ø plane 
C; E, inversion centre 
C; E, one (principal) n-fold axis 
Ciy E, one (principal) n-fold axis, n o, planes 
Cri E, one (principal) n-fold axis, one cp plane, one The S, axis necessarily follows from the C, axis and oj, plane. 
S,,-fold axis which is coincident with the C, axis For n = 2, 4 or 6, there is also an inversion centre. 
Din E, one (principal) n-fold axis, n C, axes, one op The S, axis necessarily follows from the C, axis and op plane. 


plane, n o, planes, one S,-fold axis 
Dna E, one (principal) n-fold axis, n Cz axes, n oy 
planes, one S>,-fold axis 


For n = 2, 4 or 6, there is also an inversion centre. 
For n = 3 or 5, there is also an inversion centre. 


Tetrahedral 
Octahedral 
Icosahedral 


(b) 


Fig. 4.7 Linear molecular species can be classified according to whether they possess a centre of symmetry (inversion centre) or 
not. All linear species possess a Cœ axis of rotation and an infinite number of ø, planes; in (a), two such planes are shown and 
these planes are omitted from (b) for clarity. Diagram (a) shows an asymmetrical diatomic belonging to the point group Cy, and 
(b) shows a symmetrical diatomic belonging to the point group Doon. 


Dh point group 


Symmetrical diatomics (e.g. H3, (or) and linear poly- 
atomics that contain a centre of symmetry (e.g. [N3], 
CO,, HC=CH) possess a oy, plane in addition to a C,, axis 
and an infinite number of ø, planes (Figure 4.7). These 
species belong to the D,., point group. 


Tg, On Or |, point groups 


Molecular species that belong to the Ty, Op or J, point 
groups (Figure 4.8) possess many symmetry elements, 
although it is seldom necessary to identify them all before 
the appropriate point group can be assigned. Species with 
tetrahedral symmetry include SiF4, [C104] , [CoC], 


[NH,]*, Py (Figure 4.9a) and BCl; (Figure 4.9b). Those 
with octahedral symmetry include SF, [PF], W(CO), 
(Figure 4.9c) and [Fe(CN),]}*. There is no centre of sym- 
metry in a tetrahedron but there is one in an octahedron, 
and this distinction has consequences with regard to the 
observed electronic spectra of tetrahedral and octahedral 
metal complexes (see Section 21.7). Members of the 
icosahedral point group are uncommon, e.g. [BiH] 
(Figure 4.9d). 


Determining the point group of a molecule 
or molecular ion 


The application of a systematic approach to the assignment 
of a point group is essential, otherwise there is the risk that 
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4 Q 


Tetrahedron Octahedron Icosahedron 


Fig. 4.8 The tetrahedron (Tj symmetry), octahedron (Op 
symmetry) and icosahedron (Jp symmetry) possess 4, 6 and 
12 vertices respectively, and 4, 8 and 20 equilateral-triangular 
faces respectively. 


ode 
Q 


(a) (b) 


co 


(c) (d) 


Y% Fig. 4.9 The molecular structures of (a) Py, (b) ByCly 
(the B atoms are shown in blue), (c) [W(CO),] (the W 
atom is shown in yellow and the C atoms in grey) and 

(d) [B,2H,»/” (the B atoms are shown in blue). 


symmetry elements will be missed with the consequence that 
an incorrect assignment is made. Figure 4.10 shows a 
procedure that may be adopted; some of the less common 
point groups (e.g. S,,, T, O) are omitted from the scheme. 
Notice that it is not necessary to find all the symmetry 
elements (e.g. improper axes) in order to determine the 
point group. 

We illustrate the application of Figure 4.10 with reference 
to four worked examples, with an additional example in 


Section 4.8. Before assigning a point group to a molecule, 
its structure must be determined by, for example, microwave 
spectroscopy, or X-ray, electron or neutron diffraction 
methods. 


Worked example 4.4 Point group assignments: 1 


Determine the point group of trans-N,F. 


First draw the structure. 


N——_N 


Apply the strategy shown in Figure 4.10: 


START => 
Is the molecule linear? No 
Does trans-NF, have Ty, 
Op, or J, symmetry? No 


Yes; a C, axis perpendicular 
to the plane of the paper 
and passing through the 
midpoint of the N—N bond 


Is there a C, axis? 


Are there two C, axes 
perpendicular to the 
principal axis? No 
Is there a op plane 
(perpendicular to the 
principal axis)? Yes 
=> STOP 


The point group is Cp. 


Self-study exercises 


1. Show that the point group of cis-N,F, is Cx. 
2. Show that the point group of E-CHCI=CHC1 is C. 


Worked example 4.5 Point group assignments: 2 


Determine the point group of PFs. 


First, draw the structure. 


F F Axial 
w F wu F 
F— PRU P= Pii Equatorial 
Di eon 
F F Axial 


In the trigonal bipyramidal arrangement, the three equator- 
ial F atoms are equivalent, and the two axial F atoms are 
equivalent. 


START HERE 
Assign Ty O, or 4, 


[xo 
Yes 
—> C 
nv 
— 
bea 


Fig. 4.10 Scheme for assigning point groups of molecules and molecular ions. Apart from the cases of n = 1 or co, n most 


commonly has values of 2, 3, 4, 5 or 6. 


Apply the strategy shown in Figure 4.10: 


START => 
Is the molecule linear? No 
Does PF; have Ty, O; or 
J, symmetry? No 
Is there a C, axis? Yes; a C3 axis containing the 


P and two axial F atoms 
Are there three C, axes 


perpendicular to the Yes; each lies along an 

principal axis? equatorial P—F bond 

Is there a op plane 

(perpendicular to the Yes; it contains the P and 

principal axis)? three equatorial F atoms. 
=> STOP 


The point group is D3). 


Self-study exercises 

1. Show that BF, belongs to the D3, point group. 
2. Show that OF, belongs to the C,, point group. 
3. Show that BF,Br belongs to the C2, point group. 


Worked example 4.6 Point group assignments: 3 


To what point group does POCI, belong? 


The structure of POCI; is: 
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Apply the strategy shown in Figure 4.10: 


START => 

Is the molecule linear? No 

Does POCI, have Ty, Op or No (remember that 

I, symmetry? although this molecule is 
loosely considered as 
being tetrahedral in 
shape, it does not 
possess tetrahedral 
symmetry) 
Yes; a C3 axis 
running along the O—P 
bond 


Is there a C,, axis? 


Are there three C, axes 
perpendicular to the 
principal axis? No 
Is there a op plane 
(perpendicular to the 
principal axis)? No 
Are there n o, planes Yes; each contains the 
(containing the principal one Cl and the O and P 
axis)? atoms 
=> STOP 


The point group is C3,. 


Self-study exercises 


1. Show that CHCl; possesses C3, symmetry, but that CCl, 
belongs to the 7, point group. 


2. Assign point groups to (a) [NH4]* and (b) NH3. 
[Ans. (a) Ta; (b) Czy] 


Worked example 4.7 Point group assignments: 4 


Three projections of the cyclic structure of Sg are shown below; 
all S—S bond distances are equivalent, as are all S—S—S bond 
angles. To what point group does Sg belong? 


Follow the scheme in Figure 4.10: 


START => 
Is the molecule linear? No 
Does Sg have Tg, On or Jy 
symmetry? No 


Is there a C,, axis? Yes; a Cy axis running 
through the centre of the 
ring; perpendicular to the 
plane of the paper in 
diagram (a) 

Are there four C, axes 
perpendicular to the principal 
axis? 

Is there a op plane 
(perpendicular to the 
principal axis)? No 

Are there n og planes Yes; these are most easily 
(containing the principal seen from diagrams (a) 
axis)? and (c) 


Yes; these are most easily 
seen from diagram (c) 


=> STOP 


The point group is Dag. 


Self-study exercises 


1. Why does the Sg ring not contain a Cg axis? 


2. Copy diagram (a) above. Show on the figure where the C4 axis 
and the four C, axes lie. 


3. Se has the chair conformation shown in Box 1.1. Confirm that 
this molecule contains a centre of inversion. 


Earlier, we noted that it is not necessary to find all the sym- 
metry elements of a molecule or ion to determine its point 
group. However, if one needs to identify all the operations 
in a point group, the following check of the total number 
can be carried out: 


e assign | for C or S, 2 for D, 12 for T, 24 for O or 60 for J; 
e multiply by n for a numerical subscript; 
e multiply by 2 for a letter subscript (s, v, d, h, i). 


For example, the C3, point group has | x 3 x 2 =6 opera- 
tions, and Dog has 2 x 2 x 2 = 8 operations. 


4.5 Character tables: an introduction 


While Figure 4.10 provides a point group assignment using 
certain diagnostic symmetry elements, it may be necessary 
to establish whether any additional symmetry elements are 
exhibited by a molecule in a given point group. 


* See O.J. Curnow (2007) Journal of Chemical Education, vol. 84, p. 1430. 


Table 4.2 The character table for the C» point group. For 
more character tables, see Appendix 3. 


Cry E Cy Oy (XZ ) Oy'( yZ ) 

A, 1 1 1 1 Z X, y z 
Ay 1 il -l1 -l1 R, xy 

B; t -=l 1 = x, R, XZ 

By 1 -1 -l1 y, Ry | yz 


Each point group has an associated character table, and 
that for the C,, point group is shown in Table 4.2. The 
point group is indicated at the top left-hand corner and the 
symmetry elements possessed by a member of the point 
group are given across the top row of the character table. 
The HO molecule has C symmetry and when we looked 
at the symmetry elements of H,O in Figure 4.3, we labelled 
the two perpendicular planes. In the character table, taking 
the z axis as coincident with the principal axis, the o, and 
o,' planes are defined as lying in the xz and yz planes, respec- 
tively. Placing the molecular framework in a convenient 
orientation with respect to a Cartesian set of axes has 
many advantages, one of which is that the atomic orbitals 
on the central atom point in convenient directions. We 
return to this in Chapter 5. 

Table 4.3 shows the character table for the C3, point 
group. The NH; molecule possesses C3, symmetry, and 
worked example 4.2 illustrated the principal axis of rotation 
and planes of symmetry in NH;. In the character table, 
the presence of three o, planes in NH; is represented 
by the notation ‘3a,’ in the top line of the table. The notation 
‘2C,’ summarizes the two operations C} and C$ (Figure 4.6). 
The operation CÌ is equivalent to the identity operator, E, 
and so is not specified again. 

Figure 4.4 showed the proper axes of rotation and 
planes of symmetry in the square planar molecule XeF4. 
This has Dy, symmetry. The D4, character table is given in 
Appendix 3, and the top row of the character table that 
summarizes the symmetry operations for this point group 
is as follows: 


Dap E 2C4 Cə 2C)' 2C" i 2S4 Oh 20, 204 


In Figure 4.4 we showed that a C, axis is coincident with 
the Cy axis in XeF,. The C, operation is equivalent to Cj. 


Table 4.3 The character table for the C3, point group. For 
more character tables, see Appendix 3. 
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The character table summarizes this information by stating 
‘2C, Cy’, referring to C} and Cj, and Cy = C>. The opera- 
tion Cj is taken care of in the identity operator £. The two 
sets of C, axes that we showed in Figure 4.4 and labelled 
as C,' and C," are apparent in the character table, as are 
the oy, two o, and two ag planes of symmetry. The symmetry 
operations that we did not show in Figure 4.4 but that are 
included in the character table are the centre of symmetry, 
i, (which is located on the Xe atom in XeF4), and the S4 
axes. Each S4 operation can be represented as (C4 x oy). 

The left-hand column in a character table gives a list of 
symmetry labels. These are used in conjunction with the 
numbers, or characters, from the main part of the table to 
label the symmetry properties of, for example, molecular 
orbitals or modes of molecular vibrations. As we shall see 
in Chapter 5, although the symmetry labels in the character 
tables are upper case (e.g. 4), E, T>), the corresponding 
symmetry labels for orbitals are lower case (e.g. aj, e, tz). 
Symmetry labels give us information about degeneracies as 
follows: 


e Aand B (ora and b) indicate non-degenerate; 
E (or e) refers to doubly degenerate; 
T (or t) means triply degenerate. 


In Chapter 5, we use character tables to label the symmetries 
of orbitals, and to understand what orbital symmetries are 
allowed for a molecule possessing a particular symmetry. 

Appendix 3 gives character tables for the most commonly 
encountered point groups, and each table has the same 
format as those in Tables 4.2 and 4.3. 


4.6 Why do we need to recognize 
symmetry elements? 


So far in this chapter, we have described the possible sym- 
metry elements that a molecule might possess and, on the 
basis of these symmetry properties, we have illustrated how 
a molecular species can be assigned to a particular point 
group. Now we address some of the reasons why the 
recognition of symmetry elements in a molecule is important 
to the inorganic chemist. 

Most of the applications of symmetry fall into one of the 
following categories: 


e constructing molecular and hybrid orbitals (see Chapter 5); 

e interpreting spectroscopic (e.g. vibrational and electronic) 
properties; 

e determining whether a molecular species is chiral. 


The next two sections deal briefly with the consequences of 
symmetry on observed bands in infrared spectra and with 
the relationship between molecular symmetry and chirality. 
In Chapter 21, we consider the electronic spectra of 
octahedral and tetrahedral d-block metal complexes and 
discuss the effects that molecular symmetry has on electronic 
spectroscopic properties. 


100 Chapter 4 èe An introduction to molecular symmetry 


4.7 Vibrational spectroscopy 


Infrared (IR) and Raman (see Box 4.1) spectroscopies 
are branches of vibrational spectroscopy and the former 
technique is much the more widely available of the two in 
student teaching laboratories. The discussion that follows 
is necessarily selective and is pitched at a relatively simplistic 
level. We derive the number of vibrational modes for some 
simple molecules, and determine whether these modes are 
infrared (IR) and/or Raman active (i.e. whether absorptions 
corresponding to the vibrational modes are observed in the 
IR and/or Raman spectra). We also relate the vibrational 
modes of a molecule to its symmetry by using the character 
table of the relevant point group. However, a rigorous 
group theory approach to the normal modes of vibration 
of a molecule is beyond the scope of this book. The reading 
list at the end of the chapter gives sources of more detailed 
discussions. 


Pee 
w.. = EXPERIMENTAL TECHNIQUES 


How many vibrational modesare there fora 
given molecular species? 


Vibrational spectroscopy is concerned with the observation 
of the degrees of vibrational freedom, the number of which 
can be determined as follows. The motion of a molecule 
containing n atoms can conveniently be described in terms 
of the three Cartesian axes; the molecule has 37n degrees of 
freedom which together describe the translational, vibrational 
and rotational motions of the molecule. 

The translational motion of a molecule (i.e. movement 
through space) can be described in terms of three degrees 
of freedom relating to the three Cartesian axes. If there are 
3n degrees of freedom in total and three degrees of freedom 
for translational motion, it follows that there must be 
(3n — 3) degrees of freedom for rotational and vibrational 
motion. For a non-linear molecule there are three degrees 
of rotational freedom, but for a linear molecule, there are 


Ti 
Tie Box 4.1 Raman spectroscopy 


Chandrasekhara V. Raman was awarded the 1930 Nobel 
Prize in Physics ‘for his work on the scattering of light and 
for the discovery of the effect named after him’. When radia- 
tion (usually from a laser) of a particular frequency, vo, falls 
on a vibrating molecule, most of the radiation is scattered 
without a change in frequency. This is called Rayleigh scat- 
tering. A small amount of the scattered radiation has fre- 
quencies of v + v, where v is the fundamental frequency of 
a vibrating mode of the molecule. This is Raman scattering. 
For recording the Raman spectra of inorganic compounds, 
the radiation source is usually a visible noble gas laser 
(e.g. a red krypton laser, 4 = 647 nm). One of the advantages 
of Raman spectroscopy is that it extends to lower wave- 
numbers than routine laboratory IR spectroscopy, thereby 
permitting the observation of, for example, metal—ligand 
vibrational modes. A disadvantage of the Raman effect is 
its insensitivity since only a tiny percentage of the scattered 
radiation undergoes Raman scattering. One way of over- 
coming this is to use a Fourier transform (FT) technique. 
A second way, suitable only for coloured compounds, is to 
use resonance Raman spectroscopy. This technique relies on 
using laser excitation wavelengths that coincide with wave- 
lengths of absorptions in the electronic spectrum of a com- 
pound. This leads to resonance enhancement and an 
increase in the intensities of lines in the Raman spectrum. 
Resonance Raman spectroscopy is now used extensively 
for the investigation of coloured d-block metal complexes 
and for probing the active metal sites in metalloproteins. 
An early success of Raman spectroscopy was in 1934 
when Woodward reported the spectrum of mercury(I) 
nitrate. After the assignment of lines to the [NO3] ion, a 
line at 169 cm"! remained which he assigned to the stretching 
mode of the Hg-Hg bond in [Hg2]"" . This was one of the 


c 


Part of the apparatus at the Combustion Research Facility, Liver- 
more, USA, in which Raman spectroscopy is used to measure ambi- 
ent flame pressure. 

US Department of Energy/Science Photo Library 


earliest pieces of evidence for the dimeric nature of the 
‘mercury(I) ion’. 


Further reading 


K. Nakamoto (1997) Infrared and Raman Spectra of Inorganic 
and Coordination Compounds, 5th edn, Wiley, New York. 

J.A. McCleverty and T.J. Meyer, eds (2004) Comprehensive 
Coordination Chemistry IT, Elsevier, Oxford — Volume 2 
contains three articles covering Raman, FT-Raman and 
resonance Raman spectroscopies including applications 
in bioinorganic chemistry. 


ja a o 0O o 


d Symmetric stretch 
IR inactive 


(b) Asymmetric stretch 
IR active (2349 cm!) 
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© Oo -© 0-0: 


(d) Bend (deformation) 
IR active (667cm!) 


(c) Bend (deformation) 
IR active (667cm!) 


Fig. 4.11 The vibrational modes of CO, (Dn); in each mode of vibration, the carbon atom remains stationary. Vibrations (a) 
and (b) are stretching modes. Bending mode (c) occurs in the plane of the paper, while bend (d) occurs in a plane perpendicular 
to that of the paper; the + signs designate motion towards the reader. The two bending modes require the same amount of energy 


and are therefore degenerate. 


only two degrees of rotational freedom. Having taken 
account of translational and rotational motion, the number 
of degrees of vibrational freedom can be determined (equa- 
tions 4.5 and 4.6)." 


Number of degrees of vibrational freedom for a 


non-linear molecule = 3n — 6 (4.5) 
Number of degrees of vibrational freedom for a 
linear molecule = 3n — 5 (4.6) 


For example, from equation 4.6, the linear CO, molecule 
has four normal modes of vibration and these are shown in 
Figure 4.11. Two of the modes are degenerate; 1.e. they pos- 
sess the same energy and could be represented in a single dia- 
gram with the understanding that one vibration occurs in the 
plane of the paper and another, identical in energy, takes 
place in a plane perpendicular to the first. 


Self-study exercises 


1. Using the VSEPR model to help you, draw the structures of 
CF4, XeF, and SF,. Assign a point group to each molecule. 
Show that the number of degrees of vibrational freedom is 
independent of the molecular symmetry. [Ans. Ty; Dán; Cy, | 


2. Why do CO, and SO, have a different number of degrees of 
vibrational freedom? 


3. How many degrees of vibrational freedom do each of the 
following possess: SiCly, BrF;, POCI}? [Ans. 9; 6; 9] 


Selection rules for an infrared or Raman 
active mode of vibration 


One of the important consequences of precisely denoting 
molecular symmetry is seen in infrared and Raman spectro- 
scopy. For example, an IR spectrum records the frequency of 
a molecular vibration, i.e. bond stretching and molecular 
deformation (e.g. bending) modes. However, not all modes 
of vibration of a particular molecule give rise to observable 


t For further detail, see: P. Atkins and J. de Paula (2006) Atkins’ Physical 
Chemistry, 8th edn, Oxford University Press, Oxford, p. 460. 


absorption bands in the IR spectrum. This is because the 
following selection rule must be obeyed: for a vibrational 
mode to be IR active, it must give rise to a change in the mole- 
cular dipole moment (see Section 2.6). 


For a mode of vibration to be infrared (IR) active, it must 
give rise to a change in the molecular electric dipole moment. 


A different selection rule applies to Raman spectroscopy. 
For a vibrational mode to be Raman active, the polarizability 
of the molecule must change during the vibration. Polarizabil- 
ity is the ease with which the electron cloud associated with 
the molecule is distorted. 


For a mode of vibration to be Raman active, it must give rise 
to a change in the polarizability of the molecule. 


In addition to these two selection rules, molecules with a 
centre of symmetry (e.g. linear CO2, and octahedral SF.) 
are subject to the rule of mutual exclusion. 


For centrosymmetric molecules, the rule of mutual exclusion 
states that vibrations that are IR active are Raman inactive, 
and vice versa. 


Application of this rule means that the presence of a centre of 
symmetry in a molecule is readily determined by comparing 
its IR and Raman spectra. Although Raman spectroscopy is 
now a routine technique, it is IR spectroscopy that remains 
the more accessible of the two for everyday compound char- 
acterization. Hence, we restrict most of the following discus- 
sion to IR spectroscopic absorptions. Furthermore, we are 
concerned only with fundamental absorptions, these being 
the dominant features of IR spectra. 


The transition from the vibrational ground state to the first 
excited state is the fundamental transition. 


Linear (Dn Or Cy) and bent (Cx) triatomic 
molecules 


We can readily illustrate the effect of molecular symmetry 
on molecular dipole moments, and thus on infrared active 
modes of vibration, by considering the linear molecule 
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a2 © 
X `o 


Asymmetric stretch (B,) 
IR active (1362 cm!) 


(a) (b) 


N L 


Symmetric stretch (4) 
IR active (1151 cm7!) 


Fig. 4.12 The vibrational modes of SO, (Cx). 


CO). The two C—O bond distances are equal (116 pm) and 
the molecule is readily identified as being ‘symmetrical’; 
strictly, CO, possesses Dn symmetry. As a consequence 
of its symmetry, CO, is non-polar. The number of degrees 
of vibrational freedom is determined from equation 4.6: 


Number of degrees of vibrational freedom for CO, = 3n — 5 
=9-5=4 

The four fundamental modes of vibration are shown in 
Figure 4.11. Although both the asymmetric stretch and the 
bend (Figure 4.11) give rise to a change in dipole moment 
(generated transiently as the vibration occurs), the symmetric 
stretch does not. Thus, only two fundamental absorptions 
are observed in the IR spectrum of CO). 

Now consider SO, which is a bent molecule (C>). The 
number of degrees of vibrational freedom for a non-linear 
molecule is determined from equation 4.5: 


Number of degrees of vibrational freedom for SO, = 3n — 6 
=9-6=3 


The three fundamental modes of vibration are shown in 
Figure 4.12. In the case of a triatomic molecule, it is simple 
to deduce that the three modes of vibration are composed 
of two stretching modes (symmetric and asymmetric) and 
a bending mode. However, for larger molecules it is not so 
easy to visualize the modes of vibration. We return to this 
problem in the next section. The three normal modes of 
vibration of SO, all give rise to a change in molecular 
dipole moment and are therefore IR active. A comparison 
of these results for CO, and SO, illustrates that vibrational 
spectroscopy can be used to determine whether an X3 or 
XY, species is linear or bent. 

Linear molecules of the general type XYZ (e.g. OCS or 
HCN) possess Cy symmetry and their IR spectra are 
expected to show three absorptions; the symmetric stretch- 
ing, asymmetric stretching and bending modes are all IR 
active. In a linear molecule XYZ, provided that the atomic 
masses of X and Z are significantly different, the absorptions 
observed in the IR spectrum can be assigned to the X-Y 
stretch, the Y—Z stretch and the XYZ bend. The reason 
that the stretching modes can be assigned to individual 
bond vibrations rather than to a vibration involving the 
whole molecule is that each of the symmetric and asymmetric 
stretches is dominated by the stretching of one of the two 


Scissoring (symmetric bend) (4,) 
IR active (518 cm7!) 


(O) 


bonds. For example, absorptions at 3311, 2097 and 712cm”! 
in the IR spectrum of HCN are assigned to the H-C stretch, 
the C=N stretch and the HCN bend, respectively. 


A stretching mode is designated by the symbol v, while a 
deformation (bending) is denoted by 6. 
For example, vco stands for the stretch of a C—O bond. 


Worked example 4.8 


Infrared spectra of triatomic 
molecules 


The IR spectrum of SnCl, exhibits absorptions at 352, 334 and 
120 cm™!. What shape do these data suggest for the molecule, 
and is this result consistent with the VSEPR model? 


For linear SnCl, (Dn), the asymmetric stretch and the 
bend are IR active, but the symmetric stretch is IR inactive 
(no change in molecular dipole moment). 

For bent SnCl,, Cay, the symmetric stretching, asymmetric 
stretching and scissoring modes are all IR active. 

The data therefore suggest that SnCl, is bent, and this is 
consistent with the VSEPR model since there is a lone pair 
in addition to two bonding pairs of electrons: 


Self-study exercises 


1. The vibrational modes of XeF, are at 555, 515 and 213 cm! 
but only two are IR active. Explain why this is consistent 
with XeF, having a linear structure. 


2. How many IR active vibrational modes does CS, possess, and 
why? [Hint: CS, is isostructural with CO,.] 


3. The IR spectrum of SF, has absorptions at 838, 813 and 
357cm |. Explain why these data are consistent with SF, 
belonging to the C,, rather than Dn point group. 


4. To what point group does F,O belong? Explain why the vibra- 
tional modes at 928, 831 and 461 cm! are all IR active. 
[Ans. Cx] 


Bent molecules XY>: using the Cx character 
table 


The SO, molecule belongs to the Czy point group, and in this 
section we look again at the three normal modes of 
vibration of SO,, but this time use the Cə, character table 
to determine: 


e whether the modes of vibration involve stretching or 
bending; 

e the symmetry labels of the vibrational modes; 

e which modes of vibration are IR and/or Raman active. 


The Cə, character table is shown below, along with a dia- 
gram that relates the SO, molecule to its Cy axis and two 
mirror planes; we saw earlier that the z axis coincides with 
the C> axis, and the molecule lies in the yz plane. 
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bonds, and so does reflection through the o,(xz) plane. 
These results can be summarized in the row of characters 
shown below, where ‘2’ stands for ‘two bonds unchanged’, 
and ‘0’ stands for ‘no bonds unchanged’: 


E Cə o(xz) 


a'z) 
0 0 2 


This is known as a reducible representation and can be rewrit- 
ten as the sum of rows of characters from the C>, character 
table. Inspection of the character table reveals that summing 
the two rows of characters for the A; and B» representations 
gives us the result we require, 1.e.: 


Ay 1 1 1 1 
Cry E Cy o,(XzZ) o'z) B> 1 =1 -1 1 
Ay 1 1 1 1 Z Ey Sum of rows | 2 0 0 2 
Ay 1 1 —l —l R- xy 
By 1 =] I =] x, Ry | xz This result tells us that there are two non-degenerate stretch- 
B» 1 1] =1 l y, Ry | yz ing modes, one of A; symmetry and one of B> symmetry. For 
a bent XY> molecule, it is a straightforward matter to relate 


In a molecule, stretching or bending modes can be 
described in terms of changes made to the bond vectors or 
bond angles, respectively. Let us first consider vibrations 
involving bond stretching in SO . (Since a triatomic molecule 
is a simple case, it is all too easy to wonder why we need the 
following exercise; however, it serves as an instructive exam- 
ple before we consider larger polyatomics.) Without thinking 
about the relative directions in which the bonds may be 
stretched, consider the effect of each symmetry operation 
of the Cə, point group on the bonds in SO 3. Now ask the 
question: how many bonds are left unchanged by each 
symmetry operation? The E operator leaves both S-O 
bonds unchanged, as does reflection through the o,'(yvz) 
plane. However, rotation about the Cə axis affects both 


these labels to schematic representations of the stretching 
modes, since there can be only two options: bond stretching 
in-phase or out-of-phase. However, for the sake of complete- 
ness, we now work through the assignments using the Cay 
character table. 

The modes of vibration of SO, are defined by vectors 
which are illustrated by yellow arrows in Figure 4.12. In 
order to assign a symmetry label to each vibrational mode, 
we must consider the effect of each symmetry operation of 
the Cx, point group on these vectors. For the symmetric 
stretch of the SO, molecule (Figure 4.12a), the vectors are 
left unchanged by the E operator and by rotation about 
the C» axis. There is also no change to the vectors when 
the molecule is reflected through either of the o,(xz) or 
o,'(vz) planes. If we use the notation that a ‘1’ means ‘no 
change’, then the results can be summarized as follows: 


E Cə o(xz) 


ay' (Yz) 
1 1 1 1 


Now compare this row of characters with the rows in the 
Cx, character table. There is a match with the row for 
symmetry type A4;, and therefore the symmetric stretch is 
given the A; symmetry label. Now consider the asymmetric 
stretching mode of the SO, molecule. The vectors 
(Figure 4.12b) are unchanged by the E and o,'(vz) opera- 
tions, but their directions are altered by rotation about the 
Cə axis and by reflection through the o,(xz) plane. Using 
the notation that a ‘1° means ‘no change’, and a -1° means 


104 Chapter 4 e An introduction to molecular symmetry 


‘a reversal of the direction of the vector’, we can summarize 
the results as follows: 


E C2 ay(Xxz) oy (Vz) 


1 -1 -1 1 


This corresponds to symmetry type Bə in the C2, character 
table, and so the asymmetric stretching mode is labelled B2. 
Now recall that SO, has a total of (3n — 6) = 3 degrees of 
vibrational freedom. Having assigned two of these to stretch- 
ing modes, the third must arise from a bending (or scissoring) 
mode (Figure 4.12c). The bending mode can be defined in 
terms of changes in the O-S—O bond angle. To assign a sym- 
metry label to this mode of vibration, we consider the effect 
of each symmetry operation of the Cz, point group on the 
bond angle. Each of the E, C2, o,(xz) and o,'(vz) operations 
leaves the angle unchanged and, therefore, we can write: 
E C2 


oy(xz) oy'(yz) 


1 1 1 1 


This allows us to assign A; symmetry to the scissoring mode. 

Finally, how can we use a character table to determine 
whether a particular mode of vibration is IR or Raman 
active? At the right-hand side of a character table, there 
are two columns containing functions x, y and/or z, or pro- 
ducts of these functions (e.g. x°, xy, yz, (x? — y*), ete.). We 
will not detail the origins of these terms, but will focus 
only on the information that they provide: 


If the symmetry label (e.g. 4;, Bı, E) of a normal mode of 
vibration is associated with x, y or z in the character table, 
then the mode is JR active. 


If the symmetry label (e.g. 4), Bı, E) of a normal mode of 
vibration is associated with a product term (e.g. x”, xy) in the 
character table, then the mode is Raman active. 


The SO, molecule has A; and By normal modes of vibra- 
tion. In the C, character table, the right-hand columns for 
the A, representation contain z and also x’, y? and z* func- 
tions. Hence, the A; modes are both IR and Raman active. 
Similarly, the right-hand columns for the B representation 
contain y and yz functions, and the asymmetric stretch of 
SO; is both IR and Raman active. 

The most common bent triatomic molecule that you 
encounter daily is H2O. Like SO2, H2O belongs to the Ca 
point group and possesses three modes of vibration, all of 
which are IR and Raman active. These are illustrated in 
Figure 4.13a which shows a calculated IR spectrum of 
gaseous HO. (An experimental spectrum would also show 
rotational fine structure.) In contrast, the IR spectrum of 
liquid water shown in Figure 4.13b is broad and the two 
absorptions around 3700 cm | are not resolved. The broad- 
ening arises from the presence of hydrogen bonding between 


water molecules (see Section 10.6). In addition, the vibra- 
tional wavenumbers in the liquid and gas phase spectra are 
shifted with respect to one another. 


Self-study exercises 


1. In the vibrational spectrum of H,O vapour, there are absorp- 
tions at 3756 and 3657 cm™ corresponding to the B, and A, 
stretching modes, respectively. Draw diagrams to show these 
vibrational modes. 


2. The symmetric bending of the non-linear NO, molecule gives 
rise to an absorption at 752 cm™™. To what point group does 
NO, belong? Explain why the symmetric bending mode is IR 
active. Why it is assigned an A, symmetry label? 


XY3 molecules with D3, symmetry 


An XY3 molecule, irrespective of shape, possesses (3 x 4) — 
6 = 6 degrees of vibrational freedom. Let us first consider 
planar XY, molecules belonging to the D3, point group. 
Examples are SO}, BF, and AICl3, and the six normal 
modes of vibration of SO}; are shown in Figure 4.14. The 
symmetries of the stretching modes stated in the figure are 
deduced by considering how many bonds are left unchanged 
by each symmetry operation of the D3, point group (refer to 
Figure 4.2, worked example 4.3 and Table 4.4). The E and op 
operators leave all three bonds unchanged. Each C, axis 
coincides with one X-Y bond and therefore rotation about 
a C, axis leaves one bond unchanged; similarly for reflection 
through a o, plane. Rotation about the C3 axis affects all 
three bonds. The results can be summarized in the following 
row of characters: 


If we rewrite this reducible representation as the sum of rows 
of characters from the Dzn character table, we can determine 
the symmetries of the vibrational modes of the planar XY3 
molecule: 


A,' 1 1 1 1 1 1 
E' 2 —1 0 2 zl 0 


Sum of rows 3 0 1 3 0 1 


Inspection of Figure 4.14 reveals that the symmetric stretch 
(the A,' mode) does not lead to a change in molecular 
dipole moment and is therefore not IR active. This can be 
verified by looking at the D3, character table (Table 4.4) 
where the entries in the two right-hand columns show that 
the A;' mode is IR inactive, but Raman active. The asym- 
metric stretch (E') of a D3, XY3 molecule is doubly degener- 
ate, and Figure 4.14 shows one of these modes. The vibration 


4000 3500 3000 2500 


% Transmittance 


(a) 


4000 3500 3000 2500 


100 


% Transmittance 


(b) 


Chapter 4 e Vibrational spectroscopy 105 
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Fig. 4.13 (a) Calculated IR spectrum of gaseous H,O (Spartan ’04, ©@Wavefunction Inc. 2003) showing the three fundamental 
absorptions. Experimental values are 3756, 3657 and 1595 cm’. (b) IR spectrum of liquid HO. 
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Fig. 4.14 The vibrational modes of SO; (D3)); only three are IR active. The + and — notation is used to show the ‘up’ and ‘down’ 
motion of the atoms during the mode of vibration. Two of the modes are doubly degenerate, giving a total of six normal modes of 


vibration. 


is accompanied by a change in molecular dipole moment, 
and so is IR active. In Table 4.4, the entries in the right-hand 
columns for the E' representation show that the mode is both 
IR and Raman active. 

The symmetries of the deformation modes of D3, XY3 
(Figure 4.14) are E' and A," (see problem 4.25 at the end 
of the chapter). From the D3, character table we can 


deduce that the 4" mode is IR active, while the E' mode 
is both IR and Raman active. We can also deduce that 
both deformations are IR active by showing that each defor- 
mation in Figure 4.14 leads to a change in molecular dipole 
moment. 

Molecules with D3, symmetry (e.g. SO3, BF; and AICl3) 
therefore exhibit three absorptions in their IR spectra: 
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Table 4.4 The character table for the D3), point group. 


Dy, | E 2C3 3C2 on 283 30y 

Ay |r 1 1 1 1 e+ y?, 27 
As |1 1 =l 1 1 -l RE 

E' |2 -1 0 2 -1 0]&@ y) (x°— y, xy) 
Anji OG t = =i =i 

ait - i =i =f =f ila 

E" |2 -1 0 -2 1 0 /(R, R) | Gey 


one band arises from a stretching mode and two from defor- 
mations. The IR spectra of anions such as [NO;] and 
[CO;] 7 may also be recorded, but the counter-ion may 
also give rise to IR spectroscopic bands. Therefore, simple 
salts such as those of the alkali metals are chosen because 
they give spectra in which the bands can be assigned to the 
anion. 


XY3 molecules with C3, symmetry 


An XY; molecule belonging to the C3, point group has six 
degrees of vibrational freedom. Examples of C3, molecules 
are NH3, PCl, and AsF3. The normal modes of vibration 
of NH; are shown in Figure 4.15; note that two modes are 
doubly degenerate. The symmetry labels can be verified by 
using the C3, character table (Table 4.3 on p. 99). For exam- 
ple, each of the E, C3 and g, operations leaves the vectors 
that define the symmetric vibration unchanged and, there- 
fore, we can write: 


E G 


Oy 


1 1 1 


This corresponds to the A, representation in the C3, charac- 
ter table, and therefore the symmetric stretch has 4; symme- 
try. Each of the vibrational modes shown in Figure 4.15 has 
either A; or E symmetry, and the functions listed in the 


\ / 
sae 


Symmetric deformation (4 ,) 


Symmetric stretch (4) 
IR active (950 cm!) 


IR active (3337 cm!) 


right-hand columns of Table 4.3 reveal that each of the 
vibrational modes is both IR and Raman active. We there- 
fore expect to observe four absorptions in the IR spectrum 
of species such as gaseous NH3, NF3, PCl, and AsF3. 

Differences in the number of bands in the IR spectra of 
XY, molecules possessing C3, or D3, symmetry is a 
method of distinguishing between these structures. Further, 
XY, molecules with T-shaped structures (e.g. CIF3;) belong 
to the Cx point group, and vibrational spectroscopy may 
be used to distinguish their structures from those of C3, or 
D3, XY; species. 


See also Figure 2.16 
(4.10) 


For the Cj, molecules CIF; (4.10) or BrF3, there are six 
normal modes of vibration, approximately described as 
equatorial stretch, symmetric axial stretch, asymmetric 
axial stretch and three deformation modes. All six modes 
are IR active. 


Self-study exercises 


1. The IR spectrum of BF, shows absorptions at 480, 691 and 
1449 cm~!. Use these data to decide whether BF 3 has C3, or 
D3, symmetry. [Ans. Dz] 


2. In the IR spectrum of NF}, there are four absorptions. Why is 
this consistent with NF, belonging to the C3, rather than D3, 
point group? 


3. The IR spectrum of BrF; in an argon matrix shows six absorp- 
tions. Explain why this observation confirms that BrF3 cannot 
have C3, symmetry. 


4. Use the C3, character table to confirm that the symmetric 
deformation mode of NH; (Figure 4.15) has 4; symmetry. 


Bo, 


Y 


Asymmetric deformation (E) 
IR active (1627 cm) 
(Doubly degenerate mode) 


-R3 
= 
Z 


Asymmetric stretch (E) 
IR active (3414 cm!) 
(Doubly degenerate mode) 


Fig. 4.15 The vibrational modes of NH; (C3,), all of which are IR active. 
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Deformation (doubly degenerate) (£) 
IR inactive 


Symmetric stretch (4,) 
IR inactive 


Stretch (triply degenerate) (T,) 
IR active (3019cem") 


Deformation (triply degenerate) (T,) 
IR active (1306cm') 


Fig. 4.16 The vibrational modes of CH; (Ty), only two of which are IR active. 


XY, molecules with Ty or D4, symmetry 


An XY, molecule with Ta symmetry has nine normal 
modes of vibration (Figure 4.16). In the Tą character 
table (see Appendix 3), the T» representation has an 
(x,y,z) function, and therefore the two Tz vibrational 
modes are IR active. The character table also shows that 
the Tə modes are Raman active. The 4; and E modes are 
IR inactive, but Raman active. The IR spectra of species 
such as CCly, TiCl,, OsOy, [C104] and [S04] exhibit two 
absorptions. 

There are nine normal modes of vibration for a square 
planar (D4) XY, molecule. These are illustrated for 


Y% 
© 


© 
H 
N 

Q 


IR inactive (A 1g) 


ri A 
=m = 


IR active (4,,,) 
147 em! 


IR active (£,) 
313 cm! (doubly degenerate) 


[PtCl4] in Figure 4.17, along with their appropriate symme- 
try labels. In the D4, character table (see Appendix 3), the A>, 
and E, representations contain z and (x,y) functions, respec- 
tively. Therefore, of the vibrational modes shown in 
Figure 4.17, only the A», and E, modes are IR active. 
Since [PtCl4] contains an inversion centre, the rule of 
mutual exclusion applies, and the A2, and E„ modes are 
Raman inactive. Similarly, the A,,, Big and By, modes that 
are Raman active, are IR inactive. Among compounds of 
the p-block elements, D4, XY; structures are rare; the obser- 
vation of absorptions at 586, 291 and 161cm™! in the IR 
spectrum of XeF, is consistent with the structure predicted 
by the VSEPR model. 


^o 


% 
© 


Co o- 


IR inactive (Bap) IR inactive (B,,) 


7 


o 7 


oe N 


W 7 | o 


IR active (E) 
165 cm! (doubly degenerate) 


Fig. 4.17 The vibrational modes of [PtCl,>~ (D4,); only the three modes (two of which are degenerate) shown in the lower row 
are IR active. The + and — notation is used to show the ‘up’ and ‘down’ motion of the atoms during the mode of vibration. 
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Self-study exercises 


1. Use the D4, character table in Appendix 3 to confirm that the 
Aj, Bıg and By, modes of [Ptc] are IR inactive, but Raman 
active. Why does this illustrate the rule of mutual exclusion? 


2. The IR spectrum of gaseous ZrI, shows absorptions at 55 and 
254cm™!. Explain why this observation is consistent with 
molecules of Zrl4 having 7, symmetry. 


3. The [PdCl,|?~ ion gives rise to three absorptions in its IR spec- 
trum (150, 321 and 161cm'). Rationalize why this provides 
evidence for a D4, rather than 7, structure. 


4. SiH,Cl, is described as having a tetrahedral structure; 
SiH,Cl, has eight IR active vibrations. Comment on these 
statements. 


XYs molecules with Op symmetry 


An XY¢ molecule belonging to the O, point group has (3 x 
7)-6= 15 degrees of vibrational freedom. Figure 4.18 shows 
the modes of vibration of SF¢ along with their symmetry 
labels. Only the 7,,, modes are IR active; this can be 


o 


oe ep 


IR inactive (A ig) 


-9 


T 


IR active (T,,) 
614 cm”! (triply degenerate) 


IR inactive E) 
(doubly degenerate) 


P | 
“ =} 


IR inactive (T, a 
(triply degenerate) 


confirmed from the O, character table in Appendix 3. Since 
the S atom in SF, lies on an inversion centre, the Ti„ 
modes are Raman inactive (by the rule of mutual exclusion). 
Of the Tı„ modes shown in Figure 4.18, one can be classified 
as a stretching mode (939 cm | for SFe) and one a deforma- 
tion (614cm '! for SF). 


Metal carbonyl complexes, M(CO),, 


Infrared spectroscopy is especially useful for the characteri- 
zation of metal carbonyl complexes M(CO), since the 
absorptions arising from C—O bond stretching modes (vco) 
are strong and easily observed in an IR spectrum. These 
modes typically give rise to absorptions close to 2000cm ' 
(see Section 24.2) and these bands are usually well separated 
from those arising from M-C stretches, M-C-O defor- 
mations and C-M-C deformations. The vco modes can 
therefore be considered separately from the remaining vibra- 
tional modes. For example, Mo(CO). belongs to the Op 
point group. It has (3 x 13) — 6 = 33 modes of vibrational 
freedom, of which 12 comprise four 7), (i.e. IR active) 
modes: vco 2000 cm |, Moco 596 cm |, UmMoc 367 cm! and 
cmoc 82 cm. The other 21 modes are all IR inactive. 


: 


| 


l 


IR active (T, „) 
939 cm! (triply degenerate) 


IR inactive (T,,,) 
(triply degenerate) 


Fig. 4.18 The vibrational modes of SFs (On). Only the 7;,, modes are IR active. 


A routine laboratory IR spectrometer covers a range from 
~400 to 4000 cm! (see the end of Section 4.7) and, therefore, 
only the vco and moc modes are typically observed. We can 
confirm why an On M(CO)¢ species exhibits only one absorp- 
tion in the C—O stretching region by comparing it with SF, 
(Figure 4.18). The set of six C—O bonds in M(CO)¢, can be 
considered analogous to the set of six S—F bonds in SF¢. 
Therefore, an On M(CO)¢ molecule possesses Aig, Ez and 
T\, carbonyl stretching modes, but only the Ti, mode is 
IR active. 


Self-study exercises 


1. By considering only the six CO groups in Cr(CO)<¢ (On), sketch 
diagrams to represent the A,,, E, and 7, stretching modes. 
Use the O, character table to deduce which modes are IR 
active. 

[Ans. See Figure 4.18; each C—O acts in the same way as an 
S—F bond] 


2. Inits IR spectrum, W(CO), exhibits an absorption at 1998 cm”. 
Sketch a diagram to show the mode of vibration that corre- 
sponds to this absorption. 

[Ans. Analogous to the IR active Tı, mode in Figure 4.18] 


Metal carbonyl complexes M (CO)s-nXn 


In this section, we illustrate the relationship between the 
numbers of IR active vco modes and the symmetries of 
M(CO)6_,X, complexes. The metal carbonyls M(CO)g, 
M(CO)s;X, trans-M(CO)4X. and cis-M(CO)4X, are all 
described as being ‘octahedral’ but only M(CO), belongs 
to the O, point group (Figure 4.19). We saw above that an 
On M(CO)s complex exhibits one absorption in the CO 
stretching region of its IR spectrum. In contrast, 
C4, M(CO)5X shows three absorptions, e.g. in the IR spec- 
trum of Mn(CO)sBr, bands are observed at 2138, 2052 and 
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2007 cm. The origins of these bands can be understood 
by using group theory. Consider how many C-O bonds in 
the M(CO)sX molecule (Figure 4.19) are left unchanged 
by each symmetry operation (E, C4, C2, oy and og) of 
the C4, point group (the C4, character table is given in 
Appendix 3). The diagram below shows the C4 and C, axes 
and the o, planes of symmetry. The og planes bisect the o, 
planes (look at Figure 4.4). The E operator leaves all five 
C-O bonds unchanged, while rotation around each axis 
and reflection through a og plane leaves one C—O bond 
unchanged. Reflection through a o, plane leaves three C-O 
bonds unchanged. 


The results can be summarized in the following row of 
characters: 


E GC; 4 2 Cə Oy Oa 


5 1 1 3 1 


M(CO), 
o 


M(CO),X 


h Cay 


trans-M(CO),X, 
D 


cis-M(CO),X, 


C. 


4h 2v 


Fig. 4.19 Point groups of octahedral metal carbonyl complexes M(CO)6, M(CO);X, trans-M(CO)4X> and cis-M(CO)4X>. Colour 


code: metal M, green; C, grey; O, red; group X, brown. 
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Table 4.5 Carbonyl stretching modes (vco) for some families of mononuclear metal carbonyl complexes; X is a general group other 


than CO. 
Complex Point group Symmetries of IR active modes Number of absorptions 
CO stretching modes observed in the IR spectrum 
M(CO)o6 On A g Eg, Tiu Tiu 1 
M(CO);X Cay A,, Aj, Bı, E Ai, Aj, E 3 
trans-M(CO)4X> Dan Aig, Big, Eu Ej 1 
cis-M(CO)4X2 Cory A,, Aj, Bi, B2 Aj, Aj, By, B2 4 
fac-M(CO)3X3 C3y A,, E A, E 2 
mer-M(CO)3X3 Coy A , Ai, B, A, A, Bı 3 


This representation can be reduced to rows of characters 
from the C4, character table: 


Ay 1 1 1 1 1 
Ay 1 1 1 1 1 
By 1 —1 1 1 —1 
E 2 0 —2 0 0 
Sum of rows |5 1 1 3 1 


The vibrational modes of M(CO);X therefore have A, Bı 
and E symmetries and the C4, character table shows that 
only the two A, and the E modes are IR active, consistent 
with the observation of three absorptions in the IR spectrum. 

A similar strategy can be used to determine the number of 
IR active modes of vibration for cis- and trans-M(CO)4Xo, as 
well as for other complexes. Table 4.5 gives representative 
examples. 


Self-study exercises 


1. Draw a diagram to show the structure of fac-M(CO)3X3. Mark 
on the C3 axis and one of the o, planes. 


2. Using the C3, character table (Appendix 3), confirm that the 
CO stretching modes of fac-M(CO)3X;3 have A; and E symme- 
tries. Confirm that both are IR active. 


3. Rationalize why the IR spectrum of fac-[Fe(CO)3(CN)3] has 
two strong absorptions at 2121 and 2096 cm“, as well as two 
weaker bands at 2162 and 2140 cm™". 

[Ans. See: J. Jiang et al. (2002) Inorg. Chem., vol. 41, p. 158.] 


Observing IR spectroscopic absorptions: 
practical problems 


We have just described how to establish the number of 
vibrational degrees of freedom for a simple molecule with 
n atoms, how to deduce the total number of normal modes 
of vibration, and so determine the number of absorptions 


expected in its IR spectrum. Our premise for using IR 
spectroscopy to distinguish between, for example, an XY3 
molecule having C3, or D3, symmetry, depends upon being 
able to observe all the expected absorptions. However, a 
‘normal’ laboratory IR spectrometer only spans the range 
between 4000 and 200cm™! and so if the vibration in ques- 
tion absorbs outside this range, the corresponding band 
will remain unobserved. An example is [PtCl4] "7 
(Figure 4.17) where two of the three IR active vibrational 
modes are below 200 cm !; a specialized far-infrared spectro- 
meter may be used to observe such absorptions. 

Samples for IR spectroscopy are often prepared in cells with 
optical windows which themselves absorb within the 4000 and 
200cm7! range; common materials are NaCl and KBr and 
these materials ‘cut off’ at 650 and 385cm™! respectively 
with the effect that absorptions (due to the sample) below 
these values are masked by the absorption due to the optical 
window. ‘Solution cells’ are used, not only for neat liquid 
samples but for solutions of the sample in a suitable solvent. 
This adds a further problem, since absorptions due to the 
solvent may mask those of the sample. In regions of strong 
solvent absorption, the transmitted radiation is essentially 
zero and so no absorptions at frequencies due to the sample 
may be detected. 


4.8 Chiral molecules 


A molecule is chiral if it is non-superposable on its mirror 
image.’ 


Helical chains such as Se,, (Figure 4.20a) may be right- or 
left-handed and are chiral. 6-Coordinate complexes such as 
[Cr(acac)3] ([acac]’, see Table 7.7) in which there are 
three bidentate chelating ligands also possess non-super- 
posable mirror images (Figure 4.20b). Chiral molecules can 


İ This definition is taken from Basic Terminology of Stereochemistry: 
IUPAC Recommendations 1996 (1996) Pure and Applied Chemistry, 
vol. 68, p. 2193. 


(a) 


A-enantiomer 


A-enantiomer 


(b) 


Y Fig. 4.20 A pair of enantiomers consists of two 

“47 molecular species which are mirror images of each other 
and are non-superposable. (a) Helical Se,, has either right- or 
left-handedness. (b) The 6-coordinate complex [Cr(acac)3] 
contains three identical bidentate, chelating ligands; the labels 
A and A describe the absolute configuration of the molecule 
(see Box 20.3). 


rotate the plane of plane-polarized light. This property is 
known as optical activity and the two mirror images are 
known as optical isomers or enantiomers. We return to this 
in Chapter 20. 

The importance of chirality is clearly seen in, for example, 
dramatic differences in the activities of different enantiomers 
of chiral drugs.’ 


t Two relevant articles are: E. Thall (1996) Journal of Chemical Educa- 
tion, vol. 73, p. 481 — ‘When drug molecules look in the mirror’; 

H. Caner et al. (2004) Drug Discovery Today, vol. 9, p. 105 — ‘Trends in 
the development of chiral drugs’. 
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A helical chain such as Se,, is easy to recognize, but it is 
not always such a facile task to identify a chiral compound 
by attempting to convince oneself that it is, or is not, non- 
superposable on its mirror image. Symmetry considerations 
come to our aid: a chiral molecular species must lack an 
improper (S,,) axis of symmetry. 


A chiral molecule lacks an improper (S,,) axis of symmetry. 


Another commonly used criterion for identifying a chiral 
species is the lack of an inversion centre, 7, and plane of sym- 
metry, o. However, both of these properties are compatible 
with the criterion given above, since we can rewrite the sym- 
metry operations 7 and ø in terms of the improper rotations 
S and Sı respectively. (See problem 4.35 at the end of the 
chapter.) A word of caution: there are a few species that are 
non-chiral (achiral) despite lacking an inversion centre, i, 
and plane of symmetry, o. These ‘problem’ species belong to 
an S,, point group in which n is an even number. An example 
is the tetrafluoro derivative of spiropentane shown in Fig- 
ure 4.21. This molecule does not contain an inversion 
centre, nor a mirror plane, and might therefore be thought 
to be chiral. However, this conclusion is incorrect because 
the molecule contains an S4 axis. 


Worked example 4.9 Chiral species 


The oxalate ligand, [C,0,1", is a bidentate ligand and the 
structure of the complex ion [Cr(ox)3]° ~ is shown below. The 
view in the right-hand diagram is along one O—Cr—O axis. 
Confirm that the point group to which the ion belongs is D3 
and that members of this point group are chiral. 


® e © 
pbo % P 
cig © 


p 
Q © 


oo 


Using the scheme in Figure 4.10: 


START => 

Is the molecular ion linear? No 

Does it have Ty, Op or h 

symmetry? No 

Is there a C, axis? Yes; a C3 axis; 
perpendicular to the 
plane of the paper in 
diagram (a) 
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Y Fig. 4.21 A tetrafluoro derivative of spiropentane which 
belongs to the S4 point group. This is an example of a 
molecule that contains no inversion centre and no mirror plane 
but is, nonetheless, achiral. 


Are there three C, axes 
perpendicular to the principal 
axis? 

Is there a op plane 
(perpendicular to the 


Yes; one runs vertically 
through the Fe centre in 
diagram (b) 


principal axis)? No 
Are there n og planes 

(containing the principal 

axis)? No 


— STOP 


The point group is D3. 

No centre of symmetry or planes of symmetry have 
been identified and this confirms that molecular species in 
the D3 point group are chiral. 


Self-study exercise 


By referring to the character table (Appendix 3) for the D3 point 
group, confirm that the symmetry elements of the D3 point group 
do not include i, o or S,, axis. 


Glossary 


The following terms have been introduced in this chapter. 
Do you know what they mean? 

symmetry element 

symmetry operator 

identity operator (E) 

rotation axis (C,,) 

plane of reflection (op, oy or ca) 

centre of symmetry or inversion centre (i) 
improper rotation axis (S,,) 

point group 

translational degrees of freedom 
rotational degrees of freedom 


OOOOOOOCOODO 


vibrational degrees of freedom 

normal mode of vibration 

degenerate modes of vibration 
selection rule for an IR active mode 
selection rule for a Raman active mode 
rule of mutual exclusion 

fundamental absorption 

chiral species 

enantiomer (optical isomer) 


OOOOOOOOD 


Further reading 


Symmetry and group theory 

P.W. Atkins, M.S. Child and C.S.G. Phillips (1970) Tables for 
Group Theory, Oxford University Press, Oxford — A set of 
character tables with useful additional notes and symmetry 
diagrams. 

R.L. Carter (1998) Molecular Symmetry and Group Theory, 
Wiley, New York — An introduction to molecular symmetry 
and group theory as applied to chemical problems including 
vibrational spectroscopy. 

M.E. Cass, H.S. Rzepa, D.R. Rzepa and C.K. Williams (2005) 
Journal of Chemical Education, vol. 82, p. 1736 — ‘The use of 
the free, open-source program Jmol to generate an interactive 
web site to teach molecular symmetry’. 

F.A. Cotton (1990) Chemical Applications of Group Theory, 3rd 
edn, Wiley, New York — A more mathematical treatment of 
symmetry and its importance in chemistry. 

G. Davidson (1991) Group Theory for Chemists, Macmillan, 
London — An excellent introduction to group theory with 
examples and exercises. 

J.E. Huheey, E.A. Keiter and R.L. Keiter (1993) Inorganic Chem- 
istry: Principles of Structure and Reactivity, 4th edn, Harper 
Collins, New York — Chapter 3 provides a useful, and readable, 
introduction to symmetry and group theory. 

S.F.A. Kettle (1985) Symmetry and Structure, Wiley, Chichester 
— A detailed, but readable, account of symmetry and group 
theory. 

J.S. Ogden (2001) Introduction to Molecular Symmetry, Oxford 
University Press, Oxford — An Oxford Chemistry Primer that 
provides a concise introduction to group theory and its 
applications. 

A. Rodger and P.M. Rodger (1995) Molecular Geometry, 
Butterworth-Heinemann, Oxford — A useful, clear text for 
student use. 

A.F. Wells (1984) Structural Inorganic Chemistry, Sth edn, 
Oxford University Press, Oxford — A definitive work on 
structural inorganic chemistry; Chapter 2 gives a concise 
introduction to crystal symmetry. 


Infrared spectroscopy 

E.A.V. Ebsworth, D.W.H. Rankin and S. Cradock (1991) 
Structural Methods in Inorganic Chemistry, 2nd edn, Black- 
well Scientific Publications, Oxford — Chapter 5 deals with 
vibrational spectroscopy in detail. 

S.F.A. Kettle (1985) Symmetry and Structure, Wiley, Chichester 
— Chapter 9 deals with the relationship between molecular 
symmetry and molecular vibrations. 


K. Nakamoto (1997) Infrared and Raman Spectra of Inorganic 
and Coordination Compounds, 5th edn, Wiley, New York — 
Part A: Theory and Applications in Inorganic Chemistry — 


Problems 


Some of these problems require the use of Figure 4.10. 


4.1 Give the structures of the following molecules: (a) BCl; 
(b) SO3; (c) PBr3; (d) CS2; (e) CHF3. Which molecules are 
polar? 


4.2 In group theory, what is meant by the symbols (a) E, (b) o, 
(c) C, and (d) S,,? What is the distinction between planes 
labelled op, oy, oy' and og? 


4.3 For each of the following 2-dimensional shapes, determine 
the highest order rotation axis of symmetry. 


C2 


(b) 


(a) (c) (d) 


4.4 Draw the structure of SO, and identify its symmetry 
properties. 


4.5 The structure of HO, was shown in Figure 2.1. Apart 
from the operator E, HO, possesses only one other 
symmetry operator. What is it? 


4.6 By drawing appropriate diagrams, illustrate the fact that 
BF; possesses a 3-fold axis, three 2-fold axes, and four 
planes of symmetry. Give appropriate labels to these 
symmetry elements. 


4.7 Using the answer to problem 4.6 to help you, deduce 
which symmetry elements are lost on going from 
(a) BF; to BCIF, and (b) BCIF, to BBrCIF. (c) Which 
symmetry element (apart from £) is common to all 
three molecules? 


4.8 Which of the following molecules or ions contain (a) a C3 
axis but no oj, plane, and (b) a C, axis anda cp plane: NH3; 
SO3; PBr3; AICI; [S04]; [NO3]-? 


4.9 Which of the following molecules contains a C, axis and a 
oy plane: CCly; [IC]; [S04]; SiF4; XeF,? 


4.10 How many mirror planes do each of the following 
molecules contain: (a) SF4; (b) H2S; (c) SFe; (d) SOF4; 
(e) SO,; (£) SO3? 


4.11 (a) What structure would you expect Si.H, to possess? 
(b) Draw the structure of the conformer most favoured in 
terms of steric energy. (c) Does this conformer possess an 
inversion centre? (d) Draw the structure of the conformer 
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An invaluable reference book for all practising experimental 
inorganic chemists, and including details of normal coordi- 
nate analysis. 


4.12 


4.13 
4.14 


4.15 


4.16 


4.17 


4.18 


4.19 


4.20 


4.21 


4.22 


4.23 


4.24 


4.25 


4.26 


4.27 


least favoured in terms of steric energy. (e) Does this 
conformer possess an inversion centre? 


Which of the following species contain inversion centres? 
(a) BF;3; (b) SiF4; (c) XeF4; (d) PFs; (e) [XeFs] ; (£) SFe; 
(8) CF4; (h) H: C=C=CH;. 


Explain what is meant by an oo-fold axis of rotation. 
To which point group does NF; belong? 


The point group of [AuCl] is Dan- What shape is this 
ion? 


Determine the point group of SF;Cl. 


The point group of BrF; is Cay. Draw the structure of BrF; 
and compare your answer with the predictions of the 
VSEPR model. 


In worked example 2.7, we predicted the structure of the 
[XeF;] ion. Confirm that this structure is consistent with 
Ds, Symmetry. 


Assign a point group to each member in the series (a) CCly, 
(b) CCI3F, (c) CCl Fo, (d) CCIF; and (e) CF3. 


(a) Deduce the point group of SF4. (b) Is SOF; in the same 
point group? 


Which of the following point groups possesses the highest 
number of symmetry elements: (a) Op; (b) Ta; (c) h? 


Determine the number of degrees of vibrational freedom 
for each of the following: (a) SO3; (b) SiH4; (c) HCN; 
(d) H20; (e) BF3. 


How many normal modes of vibration are IR active for 
(a) H20, (b) SiF4, (c) PCl, (d) AICl;, (e) CS, and 
(f) HCN? 


Use the Cy character table to confirm that DO (‘heavy 
water’) has three IR active modes of vibration. 


By considering the effect of each symmetry operation of 
the D3, point group on the symmetric deformation mode 
shown in Figure 4.14, confirm that this mode has 42" 
symmetry. 


To what point group does CBr, belong? Using the 
appropriate character table, construct a reducible 
representation for the stretching modes of vibration. Show 
that this reduces to 4; + T>. 


Six of the nine vibrational degrees of freedom of SiF4 are 
IR active. Why are IR absorptions observed only at 389 
and 1030 cm! for this compound? 
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4.28 


4.29 


4.30 


4.31 


4.32 


4.33 


4.34 


4.35 
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AlCl belongs to the Dən point group: 


(a) How many degrees of vibrational freedom does Al Cle 
possess? 

(b) Use the Dən character table in Appendix 3 to determine 
the symmetries of the IR active stretching modes of 
vibration. 


The IR spectra of salts of [AIF¢]* (Op) exhibit absorp- 
tions around 540 and 570 cm '. Using a group theory 
approach, confirm that only one of these absorptions 
arises from a stretching mode. 


Determine how many CO stretching modes are possible 
for trans-M(CO),4X>. What are their symmetries, and how 
many are IR active? 


In 1993, the [Pt(CO),4]° * ion was reported for the first time 
[G. Hwang et al. (1993) Inorg. Chem., vol. 32, p. 4667]. One 
strong absorption at 2235 cm"! in the IR spectrum was 
assigned to vco, and this was absent in the Raman 
spectrum. In the Raman spectrum, two absorptions (vco) 
at 2257 and 2281 cm’! (absent in the IR spectrum) were 
observed. Show that these data are consistent with 
[Pt(CO) 4° * having D4n symmetry. 


Explain how you could distinguish between cis-M(CO) 2X» 
and trans-M(CO) 2X2 by using information from the CO 

stretching region of IR spectra. Include in your answer a 
derivation of the number of vco modes for each molecule. 


(a) To which point group does a trigonal bipyramidal XY5 
belong? Determine the number and symmetries of the 
stretching modes of vibration for this molecule. 

(b) The IR spectrum of gaseous PF; exhibits absorptions 
at 1026 and 944 cm '. Show that this observation is 
consistent with your answer to part (a). How many 
absorptions would you expect to observe in the Raman 
spectrum of gaseous PF; arising from stretching modes? 


Explain what is meant by the terms (a) chiral; 
(b) enantiomer; (c) helical chain. 


Confirm that the symmetry operation of (a) inversion is 
equivalent to an S» improper rotation, and (b) reflection 
through a plane is equivalent to an Sı improper rotation. 


Web-based problems 


m 


These problems are designed to introduce you to the 
website that accompanies this book. Visit the website: 
www.pearsoned.co.uk/housecroft 


and then navigate to the Student Resources site for 
Chapter 4 of the 3rd edition of Inorganic Chemistry by 
Housecroft and Sharpe. 
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4.37 


4.38 


4.39 


4.40 
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Open the structure file for problem 4.36: this is the 
structure of PFs. (a) Orientate the structure so that you are 
looking down the C, axis. Where is the op plane with 
respect to this axis? (b) Locate three C, axes in PFs. 

(c) Locate three o, planes in PF;. (d) To what point group 
does PF; belong? 


Open the structure file for problem 4.37 which shows 

the structure of NH,Cl. (a) How many planes of 
symmetry does NH,Cl possess? (b) Does NH}Cl possess 
any axes of rotation? (c) Confirm that NH»Cl belongs 

to the C, point group. (d) Detail what is meant by the 
statement: ‘On going from NH; to NH>Cl, the symmetry 
is lowered’. 


Open the structure file for problem 4.38: this shows the 
structure of OsO4, which has Ty symmetry. (a) Orientate 
the molecule so that you are looking down an O-Os bond, 
O atom towards you. What rotation axis runs along this 
bond? (b) The character table for the T4 point group shows 
the notation ‘8C3’. What does this mean? By manipulating 
the structure, perform the corresponding symmetry 
operations on Os0O4. 


Open the structure file for problem 4.39: this shows the 
structure of [Co(en);}* where en stands for the bidentate 
ligand H,NCH,CH,NH),; the H atoms are omitted from 
the structure. The complex [Co(en)3]** is generally 
described as being octahedral. Look at the character table 
for the Op point group. Why does [Co(en);}* not possess 
Op symmetry? What does this tell you about the use of the 
word ‘octahedral’ when used a description of a complex 
such as [Co(en)3]**? 


Open the structure file for problem 4.40: this shows the 
structure of C,Cl¢ in the preferred staggered 
conformation. (a) Orientate the structure so you are 
looking along the C-C bond. You should be able to see 
six Cl atoms forming an apparent hexagon around two 
superimposed C atoms. Why is the principal axis a C3 axis 
and not a C¢ axis? (b) Explain why an Sẹ axis is coincident 
with the C3 axis. (c) By referring to the appropriate 
character table in Appendix 3, confirm that C,Cl, has D34 
symmetry. 


Open the structure file for problem 4.41: this shows the 
structure of a-P4S3. (a) Orientate the structure so that the 
unique P atom is closest to you and the P, triangle 
coincides with the plane of the screen. You are looking 
down the principal axis of a-P4S3. What type of axis is it? 
(b) Show that the molecule does not have any other axes of 
rotation. (c) How many planes of symmetry does the 
molecule possess? Are they o,, op or og planes? 

(d) Confirm that a-P,S3 belongs to the C3, point 


group. 
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11.1 Introduction 


The alkali metals — lithium, sodium, potassium, rubidium, 
caesium and francium — are members of group | of the 
periodic table, and each has a ground state valence electronic 
configuration ns!. Discussions of these metals usually neglect 
the heaviest member of the group, francium. Only artificial 
isotopes of francium are known, the longest lived, 723 Fr, 
having 4 = 21.8 min. 

We have already covered several aspects of the chemistry 
of the alkali metals as follows: 


ionization energies of metals (Section 1.10); 

structures of metal lattices (Section 6.3); 

metallic radii, rea; (Section 6.5); 

melting points and standard enthalpies of atomization of 
metals (Section 6.6); 

ionic radii, Fion (Section 6.10); 

e NaCl and CsCl ionic lattices (Section 6.11); 


Bm Salts of oxoacids: carbonates and 
hydrogencarbonates 


m A ueous solution chemistry including 
macrocyclic complexes 


a on-a ueous coordination chemistry 


e energetics of the dissolution of MX (Section 7.9); 
standard reduction potentials, E°m+/m (Section 8.7); 

e energetics of MX transfer from water to organic solvents 
(Section 9.3); 

e alkali metals in liquid NH; (Section 9.6); 
saline hydrides, MH (Section 10.7). 


11.2 Occurrence, extraction and uses 


Occurrence 


Sodium and potassium are abundant in the Earth’s biosphere 
(2.6% and 2.4% respectively) but do not occur naturally in 
the elemental state. The main sources of Na and K (see 
Box 11.1) are rock salt (almost pure NaCl), natural brines 
and seawater, sylvite (KCI), sylvinite (KC1/NaCl) and carnal- 
lite (KCI-MgCl,-6H0). Other Na- and K-containing miner- 
als such as borax (Na[B4O5;(OH)4]-8H2O; see Sections 13.2 
and 13.7) and Chile saltpetre (NaNO3, see Section 15.2) are 
commercially important sources of other elements (e.g. B 
and N respectively). Unlike many inorganic chemicals, NaCl 
need not be manufactured since large natural deposits are 
available. Evaporation of seawater yields a mixture of salts, 
but since NaCl represents the major component of the 
mixture, its production in this manner is a viable operation. 
In contrast to Na and K, natural abundances of Li, Rb and 
Cs are small (% abundance Rb > Li > Cs). These metals 
occur as various silicate minerals, e.g. spodumene (LiAlSi O6). 


xtraction 


Sodium, economically much the most important of the alkali 
metals, is manufactured by the Downs process in which 


RESOURCES AN EN IRONMENT 
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Box 11.1 Potassium salts: resources and commercial demand 


In statistical tables of mineral production, ‘potash’ and 
‘K,O equivalents’ are listed. The term ‘potash’ refers to a 
variety of water-soluble, potassium-containing salts. Histori- 
cally, the term was used for the water-soluble component of 
wood ash which consists of KCO; and KOH. However, 
much ambiguity surrounds the word. ‘Potash’ is used to 
refer to potassium carbonate and to potassium-containing 
fertilizers, while caustic potash typically refers to potassium 
hydroxide. Within agricultural terminology, ‘muriate of 
potash’ is a mixture of KCl (>95%) and NaCl. The potash 


Potash mine in Utah, USA. 
Pete Turner/Getty Images Inc. 


molten NaCl (see Section 9.12) is electrolysed: 


At the cathode: Nat (1) + e7 — Na(l) 
At the anode: 2Cl (1) — Cl; (g) + 2e7 
Overall reaction: 2Na* (1) + 2CI (1) — 2Na(1) + Cl, (g) 


CaCl, is added to reduce the operating temperature to about 
870K, since pure NaCl melts at 1073 K. The design of the 
electrolysis cell (Figure 11.1) is critical to prevent reforma- 
tion of NaCl by recombination of Na and Cl,. 

Lithium is extracted from LiCl in a similar electrolytic 
process. LiCl is first obtained from spodumene (LiAlSi O6) 
by heating with CaO to give LiOH, which is then converted 
to the chloride. Potassium can be obtained electrolytically 
from KCl, but a more efficient method of extraction is the 
action of Na vapour on molten KCI in a counter-current 
fractionating tower. This yields an Na-K alloy which can 
be separated into its components by distillation. Similarly, 
Rb and Cs can be obtained from RbCl and CsCl, small 
quantities of which are produced as by-products from the 
extraction of Li from spodumene. 

Small amounts of Na, K, Rb and Cs can be obtained by 
thermal decomposition of their azides (equation 11.1); an 
application of NaN; is in car airbags (see equation 15.4). 
Lithium cannot be obtained from an analogous reaction 


industry now defines a product’s potassium content in 
terms of ‘equivalent percentages of KO’. World production 
of ‘potash’ rose from 0.32 Mt in 1900 to 31 Mt in 2005, with 
the major producers being Canada, Russia, Belarus and 
Germany. Major industrial countries such as the US must 
import large amounts of ‘potash’ to meet commercial 
demands, and the graph below shows the balance of imports 
and home-produced ‘K,O equivalents’ of potassium salts 
from 2000 to 2005. About 95% of the ‘potash’ produced is 
destined to be used in the form of fertilizers. 


K,O equivalents/Mt 


| Va | 7a 


2000 2001 


2002 2003 2004 2005 


Year 


Produced in the US 


E Imported into the US 


[Data: US Geological Survey] 


because the products recombine, yielding the nitride, Li, N 
(see equation 11.6). 


570 K, in vacuo 
= 2Na + 3N3 


2NaN; (11.1) 


Ma or uses of the alkali metals and their 
compounds 


Lithium has the lowest density (0.53 gcm™°) of all known 
metals. It is used in the manufacture of alloys, and in certain 
glasses and ceramics. Lithium carbonate is used in the treat- 
ment of bipolar (manic-depressive) disorders, although large 
amounts of lithium salts damage the central nervous system. 

Sodium, potassium and their compounds have many 
uses of which selected examples are given here. Sodium- 
potassium alloy is used as a heat-exchange coolant in nuclear 
reactors. A major use of Na—Pb alloy was in the production 
of the anti-knock agent PbEt,, but the increasing demand for 
unleaded fuels renders this of decreasing importance. The 
varied applications of compounds of Na include those in 
the paper, glass, detergent, chemical and metal industries. 
Figure 11.2 summarizes uses of NaCl and NaOH. In 2004, 
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Iron cathode 
(circular, joining 
with cathode on 

the right 
of the diagram) 


+ 


Î CL(g) 


Entry port for electrolyte 


l 


Molten NaCl and CaCl, 


==> Na(1) 


Tron gauze 
(circular, joining 
with gauze on the 
left of the diagram) 


Graphite anode 


Fig. 11.1 A schematic representation of the electrolysis cell used in the Downs process to produce sodium commercially from 
NaCl. The products (Na and Cl,) must be kept separate from each other to prevent recombination to form NaCl. 


Water treatment 2% 


Agriculture 3% 


Food processing 3% Chemical industry 


(mainly chloralkali 


Other industry 7% industry) 39% 


Miscellaneous 9% 


Winter road clearance 37% 
(a) 


Aluminium manufacturing 3% 
Textiles 5% 


Water treatment 5% Inorganic chemicals 28% 
0 


Soaps and detergents 8% 


Miscellaneous uses 13% 


Pulp and paper 14% Organic chemicals 24% 


(b) 


Fig. 11.2 (a) Uses of NaCl in the US in 2005 [Data: US 
Geological Survey]; (b) industrial uses of NaOH in Western 
Europe in 1995 [Data: Ullmann’s Encyclopedia of Industrial 
Chemistry (2002), Wiley-VCH, Weinheim]. 


the world production of NaCl was 208 Mt; of this, 55.8 Mt 
was used in the US. The major consumption of NaCl is in 
the manufacture of NaOH, Cl, (see Box 11.4) and Na,CO, 
(see Section 11.7). A large fraction of salt is used for winter 
road de-icing (Figure 11.2a and Box 12.5). However, in 
addition to the corrosive effects of NaCl, environmental 
concerns have focused on the side-effects on roadside vegeta- 
tion and run-off into water sources. Increasing awareness 


of the environmental problems associated with the use of 
NaCl has led to the introduction of reduced-salt road main- 
tenance schemes (e.g. in Canada) and the use of calcium 
magnesium acetate in place of NaCl as a road de-icing 
agent (see Box 12.5). 

Both Na and K are involved in various electrophysio- 
logical functions in higher animals. The [Na+]: [KĦ] ratio is 
different in intra- and extra-cellular fluids, and the con- 
centration gradients of these ions across cell membranes 
are the origin of the trans-membrane potential difference 
that, in nerve and muscle cells, is responsible for the trans- 
mission of nerve impulses. A balanced diet therefore includes 
both Na* and K* salts. Potassium is also an essential plant 
nutrient, and K* salts are widely used as fertilizers. Uses of 
Li and Na in batteries are highlighted in Box 11.3, and the 
use of KO, in breathing masks is described in Section 11.6. 

Many organic syntheses involve Li, Na or their com- 
pounds, and uses of the reagents Na[BH4] and Li[AlH,] 
are widespread. Alkali metals and some of their compounds 
also have uses in catalysts, e.g. the formation of MeOH from 
H, and CO (equation 10.11) where doping the catalyst with 
Cs makes it more effective. 


11.3 Physical properties 


General properties 


The alkali metals illustrate, more clearly than any other 
group of elements, the influence of increase in atomic and 
ionic size on physical and chemical properties. Thus, the 
group | metals are often chosen to illustrate general prin- 
ciples. Some physical properties of the group | metals are 
given in Table 11.1. Some important points arising from 
these data are listed below; see Section 7.9 for detailed 
discussion of the energetics of ion hydration. 
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Table 11.1 Some physical properties of the alkali metals, M, and their ions, M”. 
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Property Li Na K Rb Cs 
Atomic number, Z 3 11 19 37 55 
Ground state electronic configuration [He]2s! [Ne]3s! [Ar]4s! [Kr]5s! [Xe]6s! 
Enthalpy of atomization, 161 108 90 82 78 
A, H°(298 K) /kJ mol"! 

Dissociation enthalpy of M—M bond in M, 110 74 55 49 44 
(298 K) /kJ mol"! 

Melting point, mp/K 453.5 371 336 312 301.5 

Boiling point, bp /K 1615 1156 1032 959 942 

Standard enthalpy of fusion, 3.0 2.6 2.3 2.2 21 
Ans H? (mp) / kJ mol! 

First ionization energy, JE / kJ mol”! 520.2 495.8 418.8 403.0 375.7 

Second ionization energy, IE, /kJ mol”! 7298 4562 3052 2633 2234 

Metallic radius, rmeta / pm" 152 186 227 248 265 

Ionic radius, rj, / pmÝ 76 102 138 149 170 

Standard enthalpy of hydration of M*, —519 —404 —321 —296 —271 
Anya H? (298 K) / kJ mol! 

Standard entropy of hydration of M”, —140 —110 —70 —70 —60 
Anya S° (298 K) /J K~! mol! 

Standard Gibbs energy of hydration of M*, —477 —371 —300 —275 —253 
Anya G° (298 K) / kJ mol! 

Standard reduction potential, E°m+/m / V —3.04 —2.71 —2.93 —2.98 —3.03 

NMR active nuclei (% abundance, nuclear spin) SLi (7.5, Z = 1); *Na(100,/=4) °K (93.3, I =; “Rb (72.2, I = $; '8Cs (100, =9) 

"Li (92.5, I = 3) HK (6.7, 1 =3) “Rb (27.8, I =3) 


$ a 6-coordination. 

e With increasing atomic number, the atoms become larger 
and the strength of metallic bonding (see Section 6.8) 
decreases. 

e The effect of increasing size evidently outweighs that of 
increasing nuclear charge, since the ionization energies 
decrease from Li to Cs (see Figure 1.15). The values of 
IE, for all the alkali metals are so high that the formation 
of M?” ions under chemically reasonable conditions is 
not viable. 

e Values of E°y+/y are related to energy changes accom- 
panying the processes: 


M(s) — M(g) atomization 
M(g) — M+ (g) ionization 
M* (g) — M*(aq) hydration 


and down group 1, differences in these energy changes 
almost cancel out, resulting in similar E°y)+ ym Values. 
The lower reactivity of Li towards H,O is kinetic rather 
than thermodynamic in origin; Li is a harder and higher 
melting metal, is less rapidly dispersed, and reacts more 
slowly than its heavier congeners. 


Self-study exercise 


Using data from Table 11.1, show that the enthalpy change 
associated with the reduction process: 


M*(aq) + e — M(s) 


or 8-coordinate atom in body-centred cubic metal; compare values for 12-coordinate atoms in Appendix 6. 


is —200kJ mol! for M = Na, -188kJmol’ for M = K, 
and —189kJ mol! for M = Rb. Hence comment on the state- 
ment in the text that values of E°y+)m are similar for the group 
1 metals. 


In general, the chemistry of the group | metals is dominated 
by compounds containing M* ions. However, a small 
number of compounds containing the M` ion (M=Na, K, 
Rb or Cs) are known (see Section 11.8), and the organo- 
metallic chemistry of the group | metals is a growing area 
that is described further in Chapter 19. 

Considerations of lattice energies calculated using an 
electrostatic model provide a satisfactory understanding 
for the fact that ionic compounds are central to the chemistry 
of Na, K, Rb and Cs. That Li shows a so-called ‘anomalous’ 
behaviour and exhibits a diagonal relationship to Mg can be 
explained in terms of similar energetic considerations. We 
discuss this further in Section 12.10. 


Atomic spectra and flame tests 


In the vapour state, the alkali metals exist as atoms or 
M, molecules (see worked example 11.1). The strength of 
the M—M covalent bond decreases down the group 
(Table 11.1). Excitation of the outer ns! electron of the M 
atom occurs easily and emission spectra are readily observed. 
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In 1993, the National Institute of Standards and Technology 
(NIST) brought into use a caesium-based atomic clock 
called NIST-7 which kept international standard time to 
within one second in 10° years; the system depends upon 
repeated transitions from the ground to a specific excited 
state of atomic Cs, and the monitoring of the frequency of 
the electromagnetic radiation emitted. 

In 1995, the first caesium fountain atomic clock was con- 
structed at the Paris Observatory in France. A fountain 
clock, NIST-F1, was introduced in 1999 in the US to function 
as the country’s primary time and frequency standard; NIST- 
F1 is accurate to within one second in 20 x 10° years. While 
earlier caesium clocks observed Cs atoms at ambient tem- 
peratures, caesium fountain clocks use lasers to slow down 
and cool the atoms to temperatures approaching 0K. For 
an on-line demonstration of how NIST-F1 works, go to 
the website http://tf.nist.gov/cesium/fountain.htm. Current 
atomic clock research is focusing on instruments based on 
optical transitions of neutral atoms or of a single ion (e.g. 
88Sr*). Progress in this area became viable after 1999 when 
optical counters based on femtosecond lasers (see Box 26.2) 
became available. 


Further reading 


P. Gill (2001) Science, vol. 294, p. 1666 — ‘Raising the 
standards’. 


In Section 20.8, we describe the use of the sodium D-line 
in the emission spectrum of atomic Na for specific rotation 
measurements. When the salt of an alkali metal is treated 
with concentrated HCl (giving a volatile metal chloride) 
and is heated strongly in the non-luminous Bunsen flame, a 
characteristic flame colour is observed (Li, crimson; Na, 
yellow; K, lilac; Rb, red-violet; Cs, blue) and this flame 
test is used in qualitative analysis to identify the M* ion. In 
quantitative analysis, use is made of the characteristic 
atomic spectrum in flame photometry or atomic absorption 
spectroscopy. 


Worked example 11.1 The Naz molecule 


Construct an MO diagram for the formation of Na, from two 
Na atoms using only the valence orbitals and electrons of Na. 
Use the MO diagram to determine the bond order in Na. 


The atomic number of Na is 11. 

The ground state electronic configuration of Na is 
1s°2s°2p°3s! or [Ne]3s!. 

The valence orbital of Na is the 3s. 


NIST-F1 caesium fountain atomic clock at the NIST laboratories in 
Boulder, Colorado. 
Dr Donald Sullivan| National Institute of Standards and Technology 


M. Takamoto, F.-L. Hong, R. Higashi and H. Katori (2005) 
Nature, vol. 435, p. 321 — ‘An optical lattice clock’. 

R. Wynands and S. Weyers (2005) Metrologia, vol. 42, p. S64 
— ‘Atomic fountain clocks’. 


An MO diagram for the formation of Nay is: 
Pp 


Energ 


a*(3s) 


35 3s 


a(3s) 


Na Na, Na 


Bond order = 5[(number of bonding electrons) — (number of 
antibonding electrons)] 
Bond order in Nay =} x 2=1 


Self-study exercises 


1. Why is it not necessary to include the 1s, 2s and 2p orbitals and 
electrons in the MO description of the bonding in Na,? 


2. Use the MO diagram to determine whether Na, is para- 
magnetic or diamagnetic. [Ans: Diamagnetic] 


See problem 11.5 at the end of the chapter for an extension of 
these exercises. 


Radioactive isotopes 


In addition to the radioactivity of Fr, 0.02% of naturally 
occurring K consists of “°K which decays according to 
scheme 11.2. The overall half-life for both the B-decay and 
electron capture is 1.25 x 10° yr. 


electron capture (proton to 
neutron conversion) 


~ BAr 
18 
(11% of total decay processes) 


40K (11.2) 


B decay 


= 49Ca 
(89% of total decay processes) 

The decay of K provides the human body with a natural 
source of radioactivity, albeit at very low levels. The decay 
from “°K to “°Ar is the basis of a technique for dating 
minerals (e.g. biotite, hornblende and volcanic rocks). 
When volcanic magma cools, *°Ar formed from the decay 
of “°K remains trapped in the mineral. Crushing and heating 
rock samples releases the argon, and the amount of Ar 
present can be determined by mass spectrometry. Atomic 
absorption spectroscopy is used to determine the “°K 
content. The age of the mineral can be estimated from the 
ratio of °K : Ar.’ Radioactive Cs isotopes from Chernobyl 
were described in Box 3.2. 


MR active nuclei 


Each of the alkali metals has at least one NMR active 
nucleus (Table 11.1), although not all nuclei are of sufficient 
sensitivity to permit their routine use. For examples of NMR 
spectroscopy utilizing s-block metals, see Section 3.11 and 
worked example 19.1. 


11.4 The metals 


Appearance 


The metals Li, Na, K and Rb are silvery-white, but Cs has 
a golden-yellow cast. All are soft, Li the least so, and the 
trend is consistent with their melting points (Table 11.1). 
The particularly low melting point of Cs means that it may 
be a liquid at ambient temperatures in some hot climates. 


Reactivity 


We have already described the behaviour of the metals in 
liquid NH; (see Section 9.6). The ultimate products are 
alkali metal amides (see equation 9.28), and LiNHs, 


For an interesting discussion of *°K—*°Ar dating, see: W.A. Howard 
(2005) Journal of Chemical Education, vol. 82, p. 1094. 
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NaNH, and KNH, are important reagents in organic 
synthesis. In the solid state, these amides adopt structures 
consisting of cubic close-packed [NH;]" ions with M* ions 
occupying half the tetrahedral holes. 


Worked example 11.2 Structure of NaNH> 


The solid state structure of NaNH, can be approximately 
described as consisting of an fcc arrangement of amide 
ions with Na* ions occupying half the tetrahedral holes. To 
which structure type (or prototype structure) does this 
correspond? 


A face-centred cubic (i.e. cubic close-packed) arrangement 
of [NH;] ions (assuming each is spherical) corresponds to 
the following unit cell: 


There are eight tetrahedral holes within the unit cell. The 
Nat ions occupy half of these interstitial sites: 


NaNH, adopts a zinc blende (ZnS) structure (compare with 
Figure 6.18b). 


Self-study exercises 


1. Use the diagram of the unit cell for sodium amide to confirm the 
1:1 Na® :[NH,]" ratio. 


2. Using the diagram of the unit cell of NaNH;,, determine the 
coordination number of each [NH,] ion. To check your 
answer, think how this coordination number must be related 
to that of an Na” ion. 
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The sodium/sulfur battery operates around 570-620 K and 
consists of a molten sodium anode and a liquid sulfur 
cathode separated by a solid f-alumina electrolyte (see 
Section 28.3). The cell reaction is: 


2Na(l) + nS(l) — NayS,(l) Een = 2.0V 


and this is reversed when the battery is recharged by 
changing the polarity of the cell. In the 1990s, it appeared 
that sodium/sulfur batteries may have potential application 
in the electric vehicle (EV) market, and Ford’s Ecostar EV 
contributed to trials of such vehicles. The high operating 
temperature of the sodium/sulfur battery is a drawback to 
the motor industry, and other battery technologies have 
now superseded these batteries for electric and hybrid electric 
vehicles (see Box 10.5). However, the use of stationary 
sodium/sulfur batteries for energy storage systems is cur- 
rently being exploited, notably in Japan. This application 
follows from the fact that self-discharge from sodium/ 
sulfur batteries occurs only at very low levels. The 2005 
EXPO exhibition in Aichi, Japan featured an experimental 
power system incorporating solar cell and fuel cell electrical 
power generators and a sodium/sulfur battery system to 
store the energy. The use of an efficient storage system 
allows the balance between the generation of and demand 
for electrical energy to be regulated. 

Several properties of lithium, including its highly negative 
reduction potential, make it suitable for battery use. For 
example, the lithium/iron sulfide battery contains a lithium 
anode and an FeS, cathode (En = 1.5 V) and finds use in 
cameras. An important advancement in battery technology 
has been the development of rechargeable, high energy- 
density lithium-ion batteries, first introduced to the com- 
mercial market in 1991. The lithium-ion battery has a cell 
potential of 3.6V and consists of a positive LiCoO, 
electrode separated from a graphite electrode by a solid 
electrolyte across which Li* ions can migrate when the cell 
is charging. In commercial lithium-ion batteries, the electro- 
lyte is usually LiPF, in an alkyl carbonate material. Lithium- 
ion batteries are manufactured in a discharged state. Solid 
LiCoO, adopts an a-NaFeO; structure type in which the 
O atoms are essentially cubic close-packed. The octahedral 
holes are occupied by M(1) or M'(II) (Li’ or Co?" in 
LiCoO;) in such a way that the different metal ions are 
arranged in layers. During charging, Li” ions move out of 
these layers, are transported across the electrolyte, and are 
intercalated by the graphite (see Section 14.4). During dis- 
charge of the cell, the Li* ions return to the metal oxide 
lattice. The cell reaction can be represented as follows: 


arge 


LiCoO, + 6C(graphite) LiC, + CoO, 


discharge 


The cobalt centres are redox active, being oxidized from 
Co(III) to Co(IV) as Li™ is removed from LiCoO>. The 


A laptop computer, digital camera and mobile phone, all of which use 
rechargeable lithium-ion batteries. A digital camera battery pack is 
shown on the right-hand side. 

E.C. Constable 


crucial factor in lithium-ion batteries is that both electrodes 
are able to act as hosts for Li’ ions, and the system has 
been termed a ‘rocking-chair’ cell to reflect the fact that 
Li’ ions ‘rock’ back and forth between electrodes during 
charging and discharging. Rechargeable, lithium-ion bat- 
teries now dominate the market for small electronic devices 
such as laptop computers, mobile phones and MP3 players. 
In 2005, Sony introduced a new generation of lithium-ion 
batteries (the Nexelion battery) in which the mixed metal 
oxide Li(Ni,Mn,Co)O; replaces the all-cobalt LiCoO, elec- 
trode, and a tin-based electrode replaces graphite. Initial 
use of these batteries is restricted to a range of digital 
camcorders. 

A disadvantage of lithium-ion batteries containing cobalt 
is their relatively high cost. Current research strategies are 
aimed at finding replacement electrode materials both to 
increase battery performance and to reduce cost. Two con- 
tenders are LiMn,O,4 and LiFePO,. LiMn Oy, has a spinel 
structure (see Box 13.6) and when coupled with a graphite 
electrode forms a lithium-ion battery, the cell reaction of 
which is summarized below: 


harge 


LiMn,O, + 6C(graphite) LiC, + Mn 04 


discharge 
Potential applications of this type of lithium-ion battery 
include those in hybrid electric vehicles. Some of the latest 
research centres on the use of LiFePO, as a low-cost and 
environmentally acceptable electrode material. 


Further reading 


P.G. Bruce (1997) Chemical Communications, p. 1817 — 
‘Solid-state chemistry of lithium power sources’. 

T. Oshima, M. Kajita and A. Okuno (2004) International 
Journal of Applied Ceramic Technology, vol. 1, p. 269 — 
‘Development of sodium-sulfur batteries’. 


(a) 


Although Li, Na and K are stored under a hydrocarbon 
solvent to prevent reaction with atmospheric O, and water 
vapour, they can be handled in air, provided undue exposure 
is avoided; Rb and Cs should be handled in an inert atmos- 
phere. Lithium reacts quickly with water (equation 11.3); Na 
reacts vigorously, and K, Rb and Cs react violently with the 
ignition of H, produced. 


2Li + 2H,O — 2LiOH + H, (11.3) 


Sodium is commonly used as a drying agent for hydrocarbon 
and ether solvents. Sodium should never be used to dry 
halogenated solvents (see equation 14.47). The disposal of 
excess Na must be carried out with care and usually involves 
the reaction of Na with propan-2-ol to give H) and 
NaOCHMe;. This is a less vigorous, and therefore safer, 
reaction than that of Na with H,O or a low molecular 
mass alcohol. An alternative method for disposing of small 
amounts of Na involves adding H,O to a sand-filled ceramic 
container (e.g. plant pot) in which the metal has been buried. 
The conversion of Na to NaOH occurs slowly, and the 
NaOH reacts with the sand (i.e. SiOz) to yield sodium 
silicate.’ 


t See: H.W. Roesky (2001) Inorganic Chemistry, vol. 40, p. 6855 — ‘A 
facile and environmentally friendly disposal of sodium and potassium 
with water’. 


= In layer 1 


q In layer 2 


q In layer 1 
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J.R. Owen (1997) Chemical Society Reviews, vol. 26, p. 259 — 
‘Rechargeable lithium batteries’. 

M. Thackeray (2002) Nature Materials, vol. 1, p. 81 — ‘An 
unexpected conductor’. 

M.S. Whittingham (2004) Chemical Reviews, vol. 104, 
p. 4271 — ‘Lithium batteries and cathode materials’. 


(b) 


jai Fig. 11.3 (a) The solid state structure of Li;N consists of layers of N* and Li* ions (ratio 1:2) alternating with layers of 
Lit ions; the latter are arranged such that they lie over the N°7 ions. Each N centre is in a hexagonal bipyramidal (8- 
coordinate) environment; there are two types of Li* ion, those in layer 1 are 2-coordinate, and those in layer 2 are 3-coordinate 
with respect to the N centres (see problem 11.12 at the end of the chapter). (b) The unit cell of sodium nitride; NaN adopts an 
anti-ReO; structure. Colour code: N, blue; Li, red; Na, orange. 


All the metals react with the halogens (equation 11.4) and 
H, when heated (equation 11.5). The energetics of metal 
hydride formation are essentially like those of metal halide 
formation, being expressed in terms of a Born—Haber cycle 
(see Section 6.14). 


2M + X — 2MX X = halogen (11.4) 
2M + H) — 2MH (11.5) 
6Li + Nọ — 2Li,N (11.6) 


Lithium reacts spontaneously with N,, and reaction 11.6 
occurs at 298 K to give red-brown, moisture-sensitive lithium 
nitride. Solid Li;N has an interesting structure (Figure 11.3a) 
and a high ionic conductivity (see Section 28.3). Attempts to 
prepare the binary nitrides of the later alkali metals were 
not successful until 2002. Na;N (which is very moisture- 
sensitive) may be synthesized in a vacuum chamber by 
depositing atomic sodium and nitrogen onto a cooled 
sapphire substrate and then heating to room temperature. 
The structure of Na;N contrasts sharply with that of Li;N 
(Figure 11.3), with Na;N adopting an anti-ReO ; structure 
(see Figure 22.4 for ReO3) in which the Na* ions are 
2-coordinate and the N* ions are octahedrally sited. 
Reactions of the alkali metals with O, are discussed in 
Section 11.6. 
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Table 11.2 Standard enthalpies of formation (A;H°) and lattice energies (Ajaitice H°) of alkali metal halides, MX. 


M A;H®(MX)/kJ mol! 


Arattice A s (MX) | kJ mol! 


Halide ion size increases 


Halide ion size increases 


> > 
Ip Cl Br F Cl Br I 
g Li —616 —409 —351 —270 —1030 —834 —788 —730 
: Na —577 —4l1 —361 —288 —910 —769 —732 —682 
S K —567 —436 —394 —328 —808 —701 —671 —632 
i Rb —558 —435 —395 —334 —774 —680 —651 —617 
= 1 Cs —553 —443 —406 —347 —744 —657 —632 —600 
Acetylides, M,C>, are formed when Li or Na is heated 11.5 Halides 


with carbon. These compounds can also be prepared by 
treating the metal with C,H, in liquid NH;. Reactions 
between K, Rb or Cs and graphite lead to a series of interca- 
lation compounds MC,, (n = 8, 24, 36, 48 and 60) in which the 
alkali metal atoms are inserted between the layers in a gra- 
phite host lattice (see structure 14.2 and Figure 14.4a). For 
a given formula, the compounds are structurally similar 
and exhibit similar properties, irrespective of the metal. 
Under high-pressure conditions, MC4 6 (M = K, Rb, Cs) 
can be formed. In contrast, the intercalation of lithium 
into graphite (the basis of lithium-ion battery technology; 
see Box 11.3) gives LiCs, LiCy2, LiCjg and LiC>7; at high 
pressures, LiC, 4 can be produced. The formation of 
sodium—graphite intercalation compounds has proved to 
be more difficult. The reaction of Na vapour with graphite 
at high temperatures gives NaC¢4. We return to graphite 
intercalation compounds in Section 14.4. 

The alkali metals dissolve in Hg to give amalgams (see 
Box 23.3). Sodium amalgam (which is a liquid only when 
the percentage of Na is low) is a useful reducing agent in 
inorganic and organic chemistry; it can be used in aqueous 
media because there is a large overpotential for the discharge 
of H3. 

A recent innovative method of handling alkali metals is 
to absorb them into silica gel, thus providing a convenient 
source of the metals as powerful reducing agents. Foreseeable 
applications of these materials are in the use of continuous- 
flow columns for reduction reactions in, for example, the 
pharmaceutical industry. The silica gel-alkali metal powders 
react quantitatively with water, liberating H2; since the 
powders are easily handled and stored, they have the poten- 
tial to act as a ‘supply-on-demand’ source of H>." 


* See: J.L. Dye et al. (2005) Journal of the American Chemical Society, 
vol. 127, p. 9338 — ‘Alkali metals plus silica gel: powerful reducing 
agents and convenient hydrogen sources’. 


The MX halides (see Chapter 6 for structures) are prepared 
by direct combination of the elements (equation 11.4) and 
all the halides have large negative ArH° values. However, 
Table 11.2 shows that for X =F, values of A;H°(MX) 
become Jess negative down the group, while the reverse 
trend is true for X = Cl, Br and I. For a given metal, 
A;sH°(MX) always becomes less negative on going from 
MF to MI. These generalizations can be explained in terms 
of a Born—Haber cycle. Consider the formation of MX 
(equation 11.7) and refer to Figure 6.24. 


ArH°(MX, s) 
= {A,H°(M, s)+1E, (M, g)}t{4H° (X, g)+A^ra H(X, g)} 


y 
halide-dependent term 


(11.7) 


metal-dependent term 


ag Nige H (MX, s) 


For MF, the variable quantities are A, H°(M), IE (M) and 
Ahatticc H° (MF), and similarly for each of MCI, MBr and 
MI. The sum of A,H°(M) and JE\(M) gives for the 
formation of Li’ 681, of Na* 604, of K* 509, of Rb* 485 
and of Cs* 454kJ mol~!. For the fluorides, the trend in the 
values of A-;H°(MF) depends on the relative values of 
{A, H° (M) + JE\(M)} and Antice H°(MF) (Table 11.2), 
and similarly for chlorides, bromides and iodides. Inspection 
of the data shows that the variation in {A, H°(M) + JE,(M)} 
is Jess than the variation in Attic H° (MF), but greater than 
the variation in Ajattice H° (MX) for X = Cl, Br and I. This is 
because lattice energy is proportional to 1/(r, +r_) (see 
Section 6.13) and so variation in Attie H° (MX) for a given 
halide is greatest when r_ is smallest (for F ) and least 
when r_ is largest (for I ). Considering the halides of a 
given metal (equation 11.7), the small change in the term 


{A, H°(X) + Aga H(X)} (—249, —228, —213, —188 kJ mol”! 
for F, Cl, Br, I respectively) is outweighed by the decrease in 
Aatticef7° (MX). In Table 11.2, note that the difference between 
the values of ApH°(MF) and A;H®°(MI) decreases signifi- 
cantly as the size of the M* ion increases. 

The solubilities of the alkali metal halides in water are 
determined by a delicate balance between lattice energies 
and Gibbs energies of hydration (see Section 7.9 for A,.)G° 
and Anya G°). LiF has the highest lattice energy of the 
group 1 metal halides and is only sparingly soluble, but 
solubility relationships among the other halides call 
for detailed discussion beyond the scope of this book.’ 
The salts LiCl, LiBr, Lil and Nal are soluble in some 
oxygen-containing organic solvents, e.g. LiCl dissolves in 
THF and MeOH. Complexation of the Lit or Na* ion by 
the O-donor solvents is likely in all cases (see Section 11.8). 
Both Lil and Nal are very soluble in liquid NH;, forming 
complexes; the unstable complex [Na(NH3)4]I has been iso- 
lated and contains a tetrahedrally coordinated Na‘ ion. 

In the vapour state, alkali metal halides are present mainly 
as ion-pairs, but measurements of M—X bond distances and 
electric dipole moments suggest that covalent contributions 
to the bonding, particularly in the lithium halides, are 
important. 


11.6 Oxides and hydroxides 


Oxides, peroxides, superoxides, suboxides 
and ozonides 


When the group | metals are heated in an excess of air or in 
O,, the principal products obtained depend on the metal: 
lithium oxide, Li,O (equation 11.8), sodium peroxide, 
Na,O, (equation 11.9), and the superoxides KO, RbO, 
and CsO, (equation 11.10). 


4Li + O) — 2Li,0 oxide formation (11.8) 
2Na + O, — Na,O; peroxide formation (11.9) 
K +0, — KO, superoxide formation (11.10) 


The oxides Na,O, K,O, Rb,O and Cs,O can be obtained 
impure by using a limited air supply, but are better prepared 
by thermal decomposition of the peroxides or superoxides. 
The colours of the oxides vary from white to orange; Li,O 
and Na,O form white crystals while K,O is pale yellow, 
Rb,O yellow and Cs,O orange. All the oxides are strong 
bases, the basicity increasing from Li,O to Cs,O. A peroxide 
of lithium can be obtained by the action of HO, on an etha- 
nolic solution of LiOH, but it decomposes on heating. 
Sodium peroxide (widely used as an oxidizing agent) is 


t For further discussion, see: W. E. Dasent (1984) Inorganic Energetics, 
2nd edn, Cambridge University Press, Cambridge, Chapter 5. 
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i ) Fig. 11.4 The structure of the suboxide Cs;,O3 consists 
of three oxygen-centred, face-sharing octahedral units. 
Colour code: Cs, blue; O, red. 


manufactured by heating Na metal on Al trays in air. 
When pure, NaO, is colourless and the faint yellow 
colour usually observed is due to the presence of small 
amounts of NaO,. The superoxides and peroxides contain 
the paramagnetic [O] and diamagnetic [O,]’" ions respec- 
tively (see problem 11.13 at the end of the chapter). Superox- 
ides have magnetic moments of +1.73g, consistent with one 
unpaired electron. 

Partial oxidation of Rb and Cs at low temperatures 
yields suboxides such as RbgO, and Cs,,O3. Their structures 
consist of octahedral units of metal ions with the oxygen 
residing at the centre; the octahedra are fused together by 
sharing faces (Figure 11.4). The suboxides Rb,gO, Cs7O 
and Cs4O also contain Rb oO, or Cs;,O3 clusters. In each 
case, alkali metal atoms are present in the crystalline solid 
in addition to RbgO, or Cs, ,;O3 units. Thus, more informative 
formulations of RbgO, Cs7O and CsyO are Rb O2- Rb, 
Cs1103* Cs1ọ and Cs;;03°Cs, respectively. The formulae of 
the suboxide clusters are misleading in terms of the oxidation 
states. Each contains M* and O° ions, and, for example, the 
formula of RboO; is better written as (Rb*)9(O” )y-5e_, indi- 
cating the presence of free electrons. 

The alkali metal oxides, peroxides and superoxides react 
with water according to equations 11.11—11.13. One use of 
KO, is in breathing masks where it absorbs H,O producing 
O, for respiration and KOH, which absorbs exhaled CO, 
(reaction 11.14). 


M,O + H,O — 2MOH (11.11) 
M,0, + 2H,O — 2MOH + H,O, (11.12) 
2MO, + 2H,O — 2MOH + H,O; + O, (11.13) 
KOH + CO, — KHCO, (11.14) 


Sodium peroxide reacts with CO, to give NaCO}, making it 
suitable for use in air purification in confined spaces (e.g. in 
submarines); KO, acts similarly but more effectively. 
Although all the group 1 peroxides decompose on heating 
according to equation 11.15, their thermal stabilities depend 
on cation size. Li O; is the least stable peroxide, while Cs202 
is the most stable. The stabilities of the superoxides (with 
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respect to decomposition to M,O, and O3) follow a similar 
trend. 


M,03(s) — M20(s) + 3O9(g) 


Ozonides, MO;, containing the paramagnetic, bent [03] ion 
(see Section 16.4), are known for all the alkali metals. The 
salts KO}, RbO; and CsO; can be prepared from the perox- 
ides or superoxides by reaction with ozone, but this method 
fails, or gives low yields, for LiO} and NaO;. These ozonides 
have been prepared in liquid ammonia by the interaction of 
CsO with an ion-exchange resin loaded with either Li* or 
Na‘ ions. The ozonides are violently explosive. 


(11.15) 


An ion-exchange resin consists of a solid phase (e.g. a zeolite) 
which contains acidic or basic groups which may exchange 
with cations or anions, respectively, from solutions washed 
through the resin; an important application is in water 
purification (see Box 16.3). 


Hydroxides 


In 2004, ~45 Mt of NaOH (caustic soda) were used world- 
wide, with about one-third of this total being manufactured 
in the US (see Box 11.4). NaOH is used throughout organic 
and inorganic chemistry wherever a cheap alkali is needed, 
and industrial uses are summarized in Figure 11.2b. Solid 
NaOH (mp 591 K) is often handled as flakes or pellets, and 
dissolves in water with considerable evolution of heat. 
Potassium hydroxide (mp 633K) closely resembles NaOH 
in preparation and properties. It is more soluble than 
NaOH in EtOH, in which it produces a low concentration 
of ethoxide ions (equation 11.16); this gives rise to the use 
of ethanolic KOH in organic synthesis. 
C,H;OH + [OH] = [C,;H;O0]" + H2O (11.16) 
The crystal structures of the group | hydroxides are usually 
complicated, but the high-temperature form of KOH has 
the NaCl structure, with the [OH] ions undergoing rotation 
rendering them pseudo-spherical. 

The reactions of alkali metal hydroxides (see Section 7.4) 
with acids and acidic oxides call for no special mention 
(see problem 11.23 at the end of the chapter). However, reac- 
tions with CO are of interest since they give metal formates 
(methanoates), e.g. reaction 11.17. 


450K 
NaOH + CO ——+ HCO,Na (11.17) 


Many non-metals disproportionate when treated with 
aqueous alkali: P4 gives PH; and [H,PO,], Sg gives S” 
and a mixture of oxoanions, and Cl, reacts to give Cl” and 
[OCI] or [CIO3]” (see also Section 17.9). Non-metals that 


do not form stable hydrides, and amphoteric metals, 
react with aqueous MOH to yield H, and oxoanions, e.g. 
reaction 11.18. 


2Al + 2NaOH + 6H,O — 2Na[Al(OH),4] + 3H, (11.18) 


11.7 Salts of oxoacids: carbonates and 
hydrogencarbonates 


The properties of alkali metal salts of most oxoacids depend 
on the oxoanion present and not on the cation. Thus we tend 
to discuss salts of oxoacids under the appropriate acid. How- 
ever, we single out the carbonates and hydrogencarbonates 
because of their importance. Whereas Li CO; is sparingly 
soluble in water, the remaining carbonates of the group 1 
metals are very soluble. 

In many countries, sodium carbonate (soda ash) and 
sodium hydrogencarbonate (commonly called sodium 
bicarbonate) are manufactured by the Solvay process 
(Figure 11.5), but this is being superseded where natural 
sources of the mineral trona, Na,CO3-NaHCO;-2H,0, are 
available (the world’s largest deposit of trona is in the 
Green River Basin in Wyoming, USA). Figure 11.5 shows 
that in the Solvay process, NH; can be recycled, but most 
waste CaCl, is dumped (e.g. into the sea) or used in winter 
road clearance (see Box 12.5). In 2004, ~40 Mt of sodium 
carbonate was produced worldwide, 12.7 Mt in China and 
11.0 Mt in the US. The US consumed ~6.5 Mt of sodium 
carbonate in 2005 and exported the remaining 4.6 Mt that 
the country produced. Uses are summarized in Figure 11.6. 
Sodium hydrogencarbonate, although a direct product in 
the Solvay process, is also manufactured by passing CO, 
through aqueous Na,CO; or by dissolving trona in H,O 
saturated with CO,. Its uses include those as a foaming 
agent, a food additive (e.g. baking powder) and an efferves- 
cent in pharmaceutical products. The Solvay company has 
now developed a process for using NaHCO; in pollution 
control, e.g. by neutralizing SO, or HCl in industrial and 
other waste emissions. 

There are some notable differences between Na” and other 
alkali metal [CO 3]? and [HCO;] salts. Whereas NaHCO, 
can be separated from NH,Cl in the Solvay process by pre- 
cipitation, the same is not true of KHCO3. Hence, KCO; 
is produced, not via KHCO;, but by the reaction of KOH 
with CO,; KCO; has uses in the manufacture of certain 
glasses and ceramics. Among its applications, KHCO; is 
used as a buffering agent in water treatment and wine pro- 
duction. Lithium carbonate (see also Section 11.2) is only 
sparingly soluble in water; ‘LiHCO,’ has not been isolated. 
The thermal stabilities of the group 1 metal carbonates 
with respect to reaction 11.19 increase down the group as 
ry increases, lattice energy being a crucial factor. Such a 
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RESOURCES AN EN IRONMENT 


Box 11.4 The chloralkali industry 


The chloralkali industry produces huge quantities of NaOH 
and Cl, by the electrolysis of aqueous NaCl (brine). 

2Cl (aq) — Clo(g) + 2e7 

2H,O(1) + 2e" — 2[0H] (aq) + Ho(g) 


At the anode: 
At the cathode: 


Note that the anode discharges Cl, rather than O% even 
though, from values of E°, it appears easier to oxidize H2O 
than Cl. This observation is a consequence of the over- 
potential required to release Oz and is explained more fully 
in worked example 17.3. 

Three types of electrolysis cell are available: 


e the mercury cell, which employs a mercury cathode; 

e the diaphragm cell, which uses an asbestos diaphragm 
separating the steel cathode and the graphite or platinum- 
coated titanium anode; 

e the membrane cell, in which a cation-exchange mem- 
brane, with high permeability to Na ions and low 
permeability to Cl’ and [OH] ions, is placed between 
the anode and the cathode. 


Currently, ~45 Mt of Cl, is manufactured by the chloralkali 
process each year; this represents 95% of the global supply. 
For every 1t of Cl, produced, 1.1t of NaOH are also 
manufactured. The main producers are the US, Western 
Europe and Japan. Whereas the Japanese chloralkali indus- 
try operates almost entirely with the membrane cell, the US 
favours use of the diaphragm cell, and just over half of the 
Western European industry retains use of the mercury cell. 
On environmental grounds, the chloralkali industry is 
being pressured to replace mercury and diaphragm cells 
by the membrane cell. In the European Union, use of the 
mercury-based process is being gradually phased out with 
a target date of 2020 for conversion of the industry to the 
membrane cell. However, the disposal of mercury from 
electrolysis cells is not trivial. The scale of the problem 
can be appreciated from the photograph above which 
shows part of the cell room in a chloralkali plant that 
operates using mercury cells. Use of mercury and dia- 
phragm cells is not the only environmental concern facing 
the industry; demand for Cl, has fallen in the pulp and 
paper industry and in the production of chlorofluoro- 
carbons, the latter being phased out as a result of the 
Montreal Protocol for the Protection of the Ozone Layer. 
Nevertheless, overall demand for Cl, remains high, 
much being used in the production of chloroethene 
(polyvinylchloride, PVC). Uses of Cl, are summarized in 
Figure 17.2. 

Aqueous NaOH from the electrolytic process is evaporated 
to give solid NaOH (caustic soda) as a white, translucent solid 


A technician checking mercury cells in the cell room of a plant pro- 
ducing Cl, and NaOH. 
James Holmes, Hays Chemicals/Science Photo Library 


which is fused and cast into sticks, or made into flakes or 
pellets. Uses of NaOH are summarized in Figure 11.2b. 

The chloralkali industry illustrates an interesting market 
problem. While the electrolysis of brine produces NaOH 
and Cl, in a fixed molar ratio, the markets for the two 
chemicals are different and unrelated. Interestingly, prices 
of the two chemicals follow opposite trends; in times of 
recession, demand for Cl, falls more sharply than that of 
NaOH, with the result that the price of Cl, falls as stocks 
build up. Conversely, industrial demand for Cl, increases 
faster than that of NaOH when the economy is strong; 
consequently, the price of the alkali falls as stocks increase. 
The net result is clearly important to the long-term stability 
of the chloralkali industry as a whole. 


Further reading 


N. Botha (1995) Chemistry & Industry, p. 832 — ‘The outlook 
for the world chloralkali industry’. 

R. Shamel and A. Udis-Kessler (2001) Chemistry & Industry, 
p. 179 — ‘Critical chloralkali cycles continue’. 

For up-to-date information on the European chloralkali 
industry, visit the website: www.eurochlor.org 
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Fig. 11.5 Schematic representation of the Solvay process for the manufacture of Na,CO3 and NaHCO; from CaCO3, NH; and 
NaCl. The recycling parts of the process are shown with blue, broken lines. 


Water treatment 1.3% 
Pulp and paper 1.4% 


Desulfurization of flue gases 2% 


Miscellaneous 4.1% 


Stock piles (e.g. for 
distribution to industry) 


4.8% Glass manufacture 49.9% 


Soaps and detergents 
10.6% 


Chemical industry 
(Na-based inorganic 
chemicals) 25.9% 


Fig. 11.6 Uses of NaCO; in the US in 2004 [Data: US 
Geological Survey]. 


trend in stability is common to all series of oxo-salts of the 
alkali metals. 


M,CO, + M20 + CO, (11.19) 


The solid state structures of NaHCO; and KHCO; exhibit 
hydrogen bonding (see Section 10.6). In KHCO3, the 
anions associate in pairs (Figure 11.7a) whereas in 
NaHCoO;, infinite chains are present (Figure 11.7b). In 
each case, the hydrogen bonds are asymmetrical. 


Sodium silicates are of great commercial importance and 
are discussed further in Sections 14.2 and 14.9. 


11.8 A ueous solution chemistry 
including macrocyclic complexes 


Hydrated ions 


We introduced hydrated alkali metal cations in Sections 7.7 
and 7.9. Some Li” salts (e.g. LiF, Li;CO;) are sparingly solu- 
ble in water, but for large anions, the Li* salts are soluble 
while many K*, Rb* and Cs* salts are sparingly soluble 
(e.g. MC10,, M>[PtCl_] for M =K, Rb or Cs). 


Worked example 11.3 Salts in a ueous solutions 


Starting from Rb CO}, how might you prepare and isolate 
RbCIO,? 


Rb,CO; is soluble in water, whereas RbCI1O, is sparingly 
soluble. Therefore, a suitable method of preparation is 
the neutralization of Rb,CO; in aqueous HCIO, with the 
formation of RbCIO, precipitate. Caution! Perchlorates 
are potentially explosive. 
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Self-study exercises 


Answers can be determined by reading the text. 


1. Would the reaction of CsNO3 and perchloric acid be a conve- 
nient method of preparing CsClO,? 


2. Would the collection of LiClO, precipitate from the reaction in 
aqueous solution of Li, CO, and NaClO; be a convenient way 
of preparing and isolating LiClO,? 


3. The solubility of sodium sulfate in water, expressed in g of 
sodium sulfate per 100g of water, increases from 273 to 
305K, while from 305 to 373K, the solubility decreases 
slightly. What can you infer from these observations? [Hint: 
Is only one solid involved?] 


In dilute solutions, alkali metal ions rarely form com- 
plexes, but where these are formed, e.g. with [P,O,]* and 
[EDTA]* (see Table 7.7), the normal order of stability con- 
stants is Lit > Na > Kt > Rb* > Cs”. In contrast, when 
the aqueous ions are adsorbed on an ion-exchange resin, 
the order of the strength of adsorption is usually 
Lit < Nat <K* <Rb* < Cst. This suggests that the 
hydrated ions are adsorbed, since hydration energies decrease 
along this series and the total hydration interaction (i.e. pri- 
mary hydration plus secondary interaction with more water 
molecules) is greatest for Li”. 


Complex ions 


Unlike simple inorganic ligands, polyethers and, in particu- 
lar, cyclic polyethers complex alkali metal ions quite 
strongly. The crown ethers are cyclic ethers which include 
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Fig. 11.7 In the solid state, hydrogen bonding results in anion association in NaHCO; and KHCO;, and the formation of 
(a) dimers in NaHCO; and (b) infinite chains in KHCO;. Colour code: C, grey; O, red; H, white. 


1,4,7,10,13,16-hexaoxacyclooctadecane (Figure 11.8a), the 
common name for which is 18-crown-6. This nomenclature 
gives the total number (C + O) and number of O atoms in 
the ring. Figure 11.8b shows the structure of the [K(18- 
crown-6)]* cation; the K* ion is coordinated by the six O- 
donors. The radius of the cavity’ inside the 18-crown-6 
ring is 140 pm, and this compares with values of rio, for 
the alkali metal ions ranging from 76 pm for Li* to 170 pm 
for Cs* (Table 11.1). The radius of the K* ion (138 pm) 
is well matched to that of the macrocycle, and stability 
constants for the formation of [M(18-crown-6)]* (equa- 
tion 11.20) in acetone follow the sequence K* > Rb* > 
Cst ~ Nat > Lit. 


M* + 18-crown-6 = [M(18-crown-6)]* (11.20) 


Different crown ethers have different cavity sizes, although 
the latter is not a fixed property because of the ability of the 
ligand to change conformation. Thus, the radii of the holes 
in 18-crown-6, 15-crown-5 and 12-crown-4 can be taken to 
be roughly 140, 90 and 60pm respectively. It is, however, 
dangerous to assume that an [ML]" complex will fail to 
form simply because the size of M* is not matched correctly 
to the hole size of the macrocyclic ligand L. For example, if 
the radius of M* is slightly larger than the radius of L, a 
complex may form in which M* sits above the plane con- 
taining the donor atoms, e.g. [Li(12-crown-4)Cl] (11.1). 
Alternatively a 1:2 complex [ML,]* may result in which 
the metal ion is sandwiched between two ligands, e.g. 
[Li(12-crown-4))]*. Note that these latter examples refer to 
complexes crystallized from solution. 


t The concept of ‘cavity size’ is not as simple as it may appear; for further 
discussion, see the Further reading under ‘Macrocyclic ligands’ at the 
end of the chapter. 
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The concept of matching ligand hole size to the size of the 
metal ion has played a role in discussions of the apparent 
selectivity of particular ligands for particular metal ions. 
The selectivity (such as that discussed above for [M(18- 
crown-6)]* complexes, equation 11.20) is based on measured 
stability constants. It has, however, also been pointed out 
that the stability constants for [KL]* complexes are often 
higher than for corresponding [ML]* complexes where 
M=Li, Na, Rb or Cs, even when hole-matching is clearly 
not the all-important factor. An alternative explanation 
focuses on the fact that, when a crown ether binds M+, the 


(d) 


jai Fig. 11.8 The structures of (a) the macrocyclic polyether 18-crown-6, (b) the [K(18-crown-6)]* cation for the [Ph}Sn]" salt 
(X-ray diffraction) [T. Birchall et al. (1988) J. Chem. Soc., Chem. Commun., p. 877], (c) the cryptand ligand crypt-[222], and 
(d) [Na(crypt-[222)] Na" (X-ray diffraction) [F.J. Tehan et al. (1974) J. Am. Chem. Soc., vol. 96, p. 7203]. Colour code: K, 

orange; Na, purple; C, grey; N, blue; O, red. 


chelate rings that are formed are all 5-membered, and that 
the size of the K* ion is ideally suited to 5-membered chelate 
ring formation (see Section 7.12).1 Complexes formed by 
such macrocyclic ligands are appreciably more stable than 
those formed by closely related open chain ligands (see 
Section 7.12). 

The crown ether-complexed alkali metal ions are large 
and hydrophobic, and their salts tend to be soluble in organic 
solvents. For example, whereas KMnO, is water-soluble 
but insoluble in benzene, [K(18-crown-6)][MnOg] is soluble 
in benzene; mixing benzene with aqueous KMnO; leads to 
the purple colour being transferred from the aqueous to 
the benzene layer. This phenomenon is very useful in 
preparative organic chemistry, the anions being little solvated 
and, therefore, highly reactive. 


İt For more detailed discussion, see: R.D. Hancock (1992) Journal of 
Chemical Education, vol. 69, p. 615 — ‘Chelate ring size and metal ion 
selection’. 
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Alkali metal ions encapsulated within crown ether or cryp- 
tand ligands are often used as a source of ‘large cations’ to 
aid the crystallization of salts containing large anions. An 
example is the compound [K(crypt-222)]2[Cgo]-4C,~H;Me 
which contains the fulleride [C6]. The space-filling 
diagram shows part of the packing diagram of [K(crypt- 
222)|o[Ceo]-4C6H;Me; solvent molecules have been removed 
for clarity. The [K(crypt-222)]* cations have similar overall 
dimensions to the fulleride dianions, allowing the ions to 
pack efficiently in the crystal lattice. 


Colour code: C, grey; K, orange; N, blue; O, red. 


[Data from: T.F. Fassler et al. (1997) Angew. Chem., Int. Ed., 
vol. 36, p. 486.] 
See also: Box 24.2 — Large cations for large anions 2. 


A cryptand is a polycyclic ligand containing a cavity; when 
the ligand coordinates to a metal ion, the complex ion is 
called a cryptate. 


Figure 11.8c shows the structure of the cryptand ligand 
4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane, 
commonly called cryptand-222 or crypt-222, where the 222 
notation gives the number of O-donor atoms in each of the 
three chains. Cryptand-222 is an example of a bicyclic 
ligand which can encapsulate an alkali metal ion. Cryptands 
protect the complexed metal cation even more effectively 
than do crown ethers. They show selective coordination 
behaviour; cryptands-211, -221 and -222 with cavity radii 
of 80, 110 and 140 pm, respectively, form their most stable 
alkali metal complexes with Lit, Nat and K* respectively 
(see Table 11.1 for rion). 


2Na = Nat + Na~ (11.21) 


The ability of crypt-222 to shift equilibrium 11.21 to the 
right-hand side is striking. This is observed when crypt-222 
is added to Na dissolved in ethylamine, and the isolated pro- 
duct is the diamagnetic, golden-yellow [Na(crypt-222)]*Na_ 
(Figure 11.8d). The solid state structure indicates that the 
effective radius of the sodide ion is ~230pm, i.e. Na is 
similar in size to I . The replacement of the O atoms in 
crypt-222 by NMe groups generates ligand 11.2, ideally 
suited to encapsulate K*. Its use in place of crypt-222 has 
aided the study of alkalide complexes by increasing their 
thermal stability. Whereas [Na(crypt-222)]*Na’ usually has 


\ 


to be handled below 


275K, 
[K(11.2)]*K~ are stable at 298 K. 


[K(11.2)]*Na~ and 
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(11:2) (11.3) 


Replacement of O in crypt-222 by NMe rather than NH 
(i.e. to give ligand 11.2 rather than 11.3) is necessary because 
the NH groups would react with M`, liberating H». This is 
illustrated in reaction 11.22 which is carried out in liquid 
NH;/MeNH,;; the Ba?” ion in the product is encapsulated 
within the deprotonated ligand. 


Ba + Na + 11.3 — [Ba** (11.3 — H)“ ]Na7 
(11.3 — H) =deprotonated ligand 11.3 


(11.22) 


Despite this complication, this reaction is noteworthy for 
its product. In the solid state, the Na ions pair up to give 
[Na,, in which the Na—Na distance is 417pm 
(Figure 11.9). The dimer appears to be stabilized by 
N-H:::-Na~ hydrogen-bonded interactions involving the 
[Ba(11.3— H)]* cation (see problem 11.26a at the end of the 
chapter). The first hydrogen sodide ‘H*Na ” was prepared 
using ligand 11.4 to encapsulate H*, thereby protecting it 


300 Chapter 11 e Group 1: the alkali metals 


and rendering it kinetically stable with respect to strong bases 
and alkali metals. The space-filling diagram of ligand 11.4 
shows its globular nature, and illustrates how the nitrogen 
donor atoms are directed towards the central cavity. 


oo 


e = N N 
i Fig. 11.9 A space-filling diagram of the [Naz] dimer, ( 7 7 ) 
sandwiched between two [BaL]* cations in the complex N N 


[BaL]Na’2MeNHp, where L is the ligand (11.3 — HY (see 
equation 11.22). The structure was determined by X-ray L J 
diffraction; nitrogen-bonded H atoms are not shown [M.Y. 

Redko et al. (2003) J. Am. Chem. Soc., vol. 125, p. 2259]. Colour (11.4) 
code: Na, purple; Ba, orange; N, blue; C, grey; H, white. 
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(a) 


jen Fig. 11.10 (a) The structure of valinomycin and (b) the structure (X-ray diffraction) of [K(valinomycin)]~ showing the 
octahedral coordination sphere of the K * ion. The structure was determined for the salt [K(valinomycin)],[Is][Is]; H atoms are 
omitted for clarity [K. Neupert-Laves et al. (1975) Helv. Chim. Acta, vol. 58, p. 432]. (c) A space-filling representation of the 
[K(valinomycin)]~ ion which illustrates the hydrophobic exterior. Colour code: O, red; N, blue; C, grey; K~ ion, orange. 


Alkalides have also been prepared containing Rb and 
Cs. In these reactions, the cryptand:metal molar ratio is 
1:2. If the reaction is carried out using a greater proportion 
of ligand, paramagnetic black electrides can be isolated, 
e.g. [Cs(crypt-222),]*e in which the electron is trapped in 
a cavity of radius ~240 pm. Electrides can also be prepared 
using crown ethers, and examples of crystallographically 
confirmed complexes are [Cs(15-crown-5),]*e , [Cs(18- 
crown-6))]'e and — [Cs(18-crown-6)(15-crown-5)]'e  -18- 
crown-6. The arrangement of the _ electron-containing 
cavities in the solid state has a profound effect on the 
electrical conductivities of these materials. The conductivity 
of [Cs(18-crown-6)(15-crown-5)]*e -18-crown-6 (in which 
the electron-cavities form rings) is +10° times greater than 
that of either [Cs(15-crown-5))]*e~ or [Cs(18-crown-6))]"e~ 
(in which the free electron-cavities are organized in chains). 

Cryptands have also been used to isolate crystalline LiO; 
and NaO; as [Li(crypt-211)][03] and [Na(crypt-222)][O3] 
respectively, and further applications of these encapsulating 
ligands are in the isolation of alkali metal salts of Zintl ions 
(see Sections 9.6 and 14.7). Sodium and potassium cryptates 
are interesting models for biologically occurring materials 
involved in the transfer of Na* and K* across cell mem- 
branes. An example is valinomycin, a cyclic polypeptide 
(Figure 11.10a). Valinomycin is present in certain microor- 
ganisms and is selective towards binding K* ions. 
Figure 11.10b illustrates that the valinomycin ligand uses 
six of its carbonyl groups to octahedrally coordinate K*. 
The [K(valinomycin)]* ion has a hydrophobic exterior 
(Figure 11.10c) which makes it lipid-soluble, and the com- 
plex ion can therefore be transported across the lipid bilayer 
of a cell membrane.’ 


11.9 on-a ueous coordination 


chemistry 


A growing number of complexes (generally air- and moisture- 
sensitive) involving alkali metal ions with O- or N-donor 
ligands and formed in non-aqueous media are now known, 
although the chemistry of the later group 1 metals is not so 
widely developed as that of Li. A general method of synthesis 
is to prepare an alkali metal salt in the presence of a coordi- 
nating ligand. For example, in [{LiCI((HMPA)},], use of the 
bulky ligand HMPA (hexamethylphosphoramide), 11.5, 
results in the isolation of a discrete complex rather than an 
extended LiCl lattice; the complex contains the cubic Li4Cl4 
core shown in 11.6. Increasing the size of the halogen 
tends to reduce the nuclearity of the product, e.g. 
[Li,Br.(HMPA);], 11.7. The bonding in these complexes is 


t A relevant overview is: E. Gouaux and R. MacKinnon (2005) Science, 
vol. 310, p. 1461 — ‘Principles of selective ion transport in channels and 
pumps’. 
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of interest; 11.6 can be viewed in terms of a central aggregate 
of Li* and Cl ions, and in general, the bonding should be 
considered to be predominantly ionic. 
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Amidolithium complexes of type RR'NLi (e.g. R and 
R' = alkyl, aryl, silyl) exhibit a fascinating structural 
diversity; as above, bulky amido ligands are essential for 
complex stabilization. Planar Li,N>-rings are common 
structural units, and these appear in a variety of laddered 
structures which may be polymeric or discrete molecular as 
in [{'BuHNLi}ş] (Figure 11.11). 


Y Fig. 11.11 The structure of [{LiNH'Bu},] determined by 
“47 X-ray diffraction; hydrogen and methyl-carbon atoms 
have been omitted for clarity [N.D.R. Barnett et al. (1996) 

J. Chem. Soc., Chem. Commun., p. 2321]. Colour code: Li, 
red; N, blue; C, grey. 
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Glossary 


The following terms were introduced in this chapter. 
Do you know what they mean? 
amalgam 

peroxide ion 

superoxide ion 

ozonide ion 

ion-exchange (ion-exchange resin) 
crown ether 

cryptand 

alkalide 

electride 


OOOOOOOODO 


Further reading 


N.N. Greenwood and A. Earnshaw (1997) Chemistry of the 
Elements, 2nd edn, Butterworth-Heinemann, Oxford — 
Chapter 4 gives a good account of the inorganic chemistry 
of the group | metals. 

W. Hesse, M. Jansen and W. Schnick (1989) Progress in Solid 
State Chemistry, vol. 19, p. 47 — A review of alkali metal 
oxides, peroxides, superoxides and ozonides. 

A.G. Massey (2000) Main Group Chemistry, 2nd edn, Wiley, 
Chichester — Chapter 4 covers the chemistry of the group 1 
metals. 

A. Simon (1997) Coordination Chemistry Reviews, vol. 163, 
p. 253 — A review which includes details of synthesis, crystal- 
lization and structures of alkali metal suboxides. 


Problems 


11.1 (a) Write down, in order, the names and symbols of the 
metals in group 1; check your answer by reference to the 
first page of this chapter. (b) Give a general notation that 
shows the ground state electronic configuration of each 
metal. 


11.2 Explain why, for a given alkali metal, the second 
ionization energy is very much higher than the first. 


11.3 Describe the solid state structures of (a) the alkali metals 
and (b) the alkali metal chlorides, and comment on trends 
down the group. 


11.4 Discuss trends in (a) melting points, and (b) ionic radii, 
r,, for the metals on descending group 1. 


11.5 (a) Describe the bonding in the M, diatomics (M = Li, 
Na, K, Rb, Cs) in terms of valence bond and molecular 
orbital theories. (b) Account for the trend in metal-metal 
bond dissociation energies given in Table 11.1. 


A.F. Wells (1984) Structural Inorganic Chemistry, Sth edn, 
Clarendon Press, Oxford — A well-illustrated and detailed 
account of the structures of alkali metal compounds. 


Macrocyclic ligands 

The following five references give excellent accounts of the 
macrocyclic effect: 

J. Burgess (1999) Jons in Solution: Basic Principles of Chemical 
Interactions, 2nd edn, Horwood Publishing, Chichester, 
Chapter 6. 

E.C. Constable (1996) Metals and Ligand Reactivity, revised 
edn, VCH, Weinheim, Chapter 6. 

E.C. Constable (1999) Coordination Chemistry of Macro- 
cyclic Compounds, Oxford University Press, Oxford, 
Chapter 5. 

L.F. Lindoy (1989) The Chemistry of Macrocyclic Ligand Com- 
plexes, Cambridge University Press, Cambridge, Chapter 6. 
A.E. Martell, R.D. Hancock and R.J. Motekaitis (1994) Coordi- 

nation Chemistry Reviews, vol. 133, p. 39. 

The following reference gives an account of the coordination 
chemistry of alkali metal crown ether complexes: 

J.W. Steed (2001) Coordination Chemistry Reviews, vol. 215, 
p. 171. 


Alkalides and electrides 

M.J. Wagner and J.L. Dye (1996) in Comprehensive Supra- 
molecular Chemistry, eds J.L. Atwood, J.E.D. Davies, D.D. 
Macnicol and F. Vögtle, Elsevier, Oxford, vol. 1, p. 477 — 
‘Alkalides and electrides’. 

Q. Xie, R.H. Huang, A.S. Ichimura, R.C. Phillips, W.P. Pratt Jr 
and J.L. Dye (2000) Journal of the American Chemical 
Society, vol. 122, p. 6971 — Report of the electride 
[Rb(crypt-222)]"e7, its structure, polymorphism and electrical 
conductivity, with references to previous work in the area. 


11.6 (a) Write an equation for the decay of “°K by electron 
capture. (b) Determine the volume of gas produced when 
1 g of K decays according to this equation. 
(c) The decay of *°K is the basis of a method for dating 
rock samples. Suggest how this method works. 


11.7 Comment on the following observations: 

(a) Liis the alkali metal that forms the nitride most stable 
with respect to decomposition into its elements. 

(b) The mobilities of the alkali metal ions in aqueous 
solution follow the sequence 
Lit < Nat < K* < Rb? < Cs*. 

(c) E° for M*(aq) +e” = M(s) is nearly constant 
(see Table 11.1) for the alkali metals. 


11.8 Suggest what will happen when a mixture of Lil and NaF 
is heated. 


11.9 Very often, samples for IR spectroscopy are prepared 
as solid state discs by grinding the compound for 


analysis with an alkali metal halide. Suggest why the 
IR spectra of K,[PtCly] in KBr and KI discs might be 
different. 


11.10 Suggest why KF is a better reagent than NaF for 
replacement of chlorine in organic compounds by fluorine 
by the autoclave reaction: 


\ 3 


——C—Cl + MF == 


11.11 Suggest why the solubility of sodium sulfate in water 
increases to 305 K and then decreases. 


11.12 By considering Figure 11.3a and the packing of the units 
shown into an infinite lattice, show that (a) the ratio of 
Li*:N? ions in layer 2 is 2:1, and (b) the stoichiometry 
of the compound is Li;N. 


11.13 Construct approximate MO diagrams for [O] and 
[0] and confirm that [O2] is paramagnetic, while 
[O2] is diamagnetic. 


11.14 What general type of reaction is equilibrium 11.21? 
Confirm your answer by considering the oxidation state 
changes involved. Give two other examples of this general 
type of reaction. 


11.15 Write down the formulae of the following ions: 
(a) superoxide; (b) peroxide; (c) ozonide; (d) azide; 
(e) nitride; (f) sodide. 


11.16 Write a brief account of the uses of the alkali metals and 
their compounds, with reference to relevant industrial 
processes. 


11.17 Alkali metal cyanides, MCN, are described as 
pseudohalides. (a) Draw the structure of the cyanide ion, 
and give a description of its bonding. (b) Interpret the 
structure of NaCN if it possesses an NaCl-type structure. 


11.18 Give an account of what happens when Na dissolves in 
liquid NH3. 


11.19 Write balanced equations for the following reactions: 
(a) sodium hydride with water; 
(b) potassium hydroxide with acetic acid; 
(c) thermal decomposition of sodium azide; 
(d) potassium peroxide with water; 
(e) sodium fluoride with boron trifluoride; 
(£) electrolysis of molten KBr; 
(g) electrolysis of aqueous NaCl. 


11.20 Suggest explanations for the following observations. 
(a) Although Na,O;j is described as being colourless, 
samples of Na2O, often appear to be very pale yellow. 
(b) NaO; is paramagnetic. 


11.21 (a) Explain how face-sharing between M6O octahedra 
leads to compounds with stoichiometries of MoO, for 
M = Rb, and M,,03 for M = Cs. 
(b) The suboxide Cs7O contains Cs;;O3 clusters. Explain 
how this arises. 
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11.22 (a) Which of the following compounds is the least soluble 

in water at 298 K: Li CO;, Lil, NaxCO3, NaOH, 
Cs»CO3, KNO3? 

(b) Which of the following compounds decompose(s) 
when added to water at 298 K: RbOH, NaNO3, 
NaO, Li SO4, K,CO3, LiF? 

(c) Determine the solubility of LizCO3 in water if Ksp = 
8.15 x 10%. 


O er ie problems 


11.23 Suggest products and write balanced equations for each 
of the following reactions; these are not necessarily 
balanced on the left-hand side. 


(a) KOH + H,SO4 — 

(b) NaOH + SO, — 

(c) KOH + C-H;OH — 
(d) Na + (CH3) CHOH — 
(e) NaOH + CO, — 


450K 
(f) NaOH +CO —+ 


(g) H,C,04 + CsOH — 
(h) NaH + BCL, — 


11.24 (a) Na3N remained an elusive compound until 2002. 
Calculate a value for Ay H°(Na3N, s) using data from 
Appendices 8 and 10, and the following estimated 
values of AH(298 K): 


N(g)+3e — N” (g) Aga H = +2120kJ mol! 
3Na* (g) + N® (g) —> Na3N(s) 
Alattice H? = —4422 kJ mol! 


Comment on whether the value obtained is sufficient 
to indicate whether Na3N is thermodynamically 
stable. 

(b) The high-temperature crystalline form of RbNH, 
adopts a structure with a ccp array of [NH,] ions 
and Rb” ions occupying octahedral sites. To which 
structure type does this correspond? Sketch a unit cell 
of RbNH), and confirm the stoichiometry of the 
compound by considering the number of ions per unit 
cell. 


11.25 (a) Suggest products for the reaction of Li;N with 

water. Write a balanced equation for the reaction. 
(b) A compound A was isolated from the reaction 

between a group | metal M and O,. A reacts with 
water to give only MOH, while M reacts in a 
controlled manner with water giving MOH and 
another product, B. Suggest identities for M, A and B. 
Write equations for the reactions described. Compare 
the reaction of M with O, with those of the other 
group | metals with O}. 
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11.26 (a) The crystalline product from reaction 11.22 
contains [Na] units. Construct an MO diagram 
for [Naz] and determine the bond order in this 
species. Comment on the result in the light of the 
text discussion of this species, explaining 
differences between the MO model and the 
experimental data. 

(b) The enthalpies of hydration for Nat, K* and Rb” are 

—404, —321 and —296kJ mol! respectively. Suggest 
an explanation for this trend. 


11.27 (a) Stability constants for the formation of 
[M(18-crown-6)]* complexes in acetone are given 
below. Comment critically on these data. 

M* Lit Na* Kt Rb* Cs* 
log K 1.5 4.6 6.0 5.2 4.6 

(b) Of the salts NaNO3, RbNO;, Cs,CO3, Na,SO,, 
Li,CO3, LiCl and LiF, which are soluble in water? 
Using LiCl and LiF as examples, discuss factors that 
contribute to the solubility of a salt. 


11.28 The first list below contains the formula of a group 1 
metal or metal compound. Match these to the 
descriptions given in the second column. 


List 1 
Li, N 
NaOH 
Cs 
Cs,O 
Li CO; 
NaBH, 


Rb,O 
Li 


List 2 


Reacts explosively with water, liberating H» 
Sparingly soluble in water 

Basic compound with an antifluorite 
structure 

Possesses the highest first ionization energy of 
the group | metals 

Formed by direct combination of the 
elements, and possesses a layer structure 
Neutralizes aqueous HNO; with no evolution 
of gas 

Used as a reducing agent 

A suboxide 
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-Block metal chemistry: coordination 


complexes 
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H Bonding in 
bond theory 


-block metal complexes: valence 


E Bondingin -block metal complexes: crystal field 
theory 


E Spectrochemical series 
mH Crystal field stabilization energy 


21.1 Introduction 


In this chapter, we discuss complexes of the d-block metals and 
we consider bonding theories that rationalize experimental 
facts such as electronic spectra and magnetic properties. 
Most of our discussion centres on first row d-block metals, 
for which theories of bonding are most successful. The 
bonding in d-block metal complexes is not fundamentally 
different from that in other compounds, and we shall show 
applications of valence bond theory, the electrostatic model 
and molecular orbital theory. 

Fundamental to discussions about d-block chemistry are 
the 3d, 4d or 5d orbitals for the first, second or third row 
d-block metals, respectively. We introduced the d-orbitals 
in Section 1.6, and showed that a d-orbital is characterized 
by having a value of the quantum number / = 2. The conven- 
tional representation of a set of five degenerate d-orbitals is 
shown in Figure 21 .1b.t The lobes of the dyz, dxy and dy- orbi- 
tals point between the Cartesian axes and each orbital lies in 
one of the three planes defined by the axes. The d,2 — ,2 orbital 
is related to d,,, but the lobes of the d,2_ ,2 orbital point along 
(rather than between) the x and y axes. We could envisage 
being able to draw two more atomic orbitals which are 
related to the d,2_ ,2 orbital, i.e. the ds _ ,2 and dz _ x orbitals 
(Figure 21.1c). However, this would give a total of six 
d-orbitals. For / = 2, there are only five real solutions to 
the Schrödinger equation (m; = +2, +1, 0, —1, —2). The 


Ìt Although we refer to the d orbitals in these ‘pictorial’ terms, it is 
important not to lose sight of the fact that these orbitals are not real 
but merely mathematical solutions of the Schrödinger wave equation 
(see Section 1.5). 


E Bondingin -block metal complexes: molecular 
orbital theory 


lectronic spectra 


BH 

Oo ephelauxetic effect 
m@ Magnetic properties 
=| 


Thermodynamic aspects 


problem is solved by taking a linear combination of the 
d_ and d, orbitals. This means that the two orbitals 
are combined (Figure 21.1c), with the result that the fifth 
real solution to the Schrödinger equation corresponds to 
what is traditionally labelled the d» orbital (although this 
is actually shorthand notation for d3,2_,2_,2). 

The fact that three of the five d-orbitals have their lobes 
directed between the Cartesian axes, while the other two 
are directed along these axes (Figure 21.1b), is a key point 
in the understanding of bonding models for and physical 
properties of d-block metal complexes. As a consequence 
of there being a distinction in their directionalities, the d 
orbitals in the presence of ligands are split into groups of 
different energies, the type of splitting and the magnitude 
of the energy differences depending on the arrangement 
and nature of the ligands. Magnetic properties and electronic 
spectra, both of which are observable properties, reflect the 
splitting of d orbitals. 


High- and low-spin states 


In Section 20.5, we stated that paramagnetism is a character- 
istic of some d-block metal compounds. In Section 21.9 we 
consider magnetic properties in detail, but for now, let us 
simply state that magnetic data allow us to determine the 
number of unpaired electrons. In an isolated first row d-block 
metal ion, the 3d orbitals are degenerate and the electrons 
occupy them according to Hund’s rules: e.g. diagram 21.1 
shows the arrangement of six electrons. 


#+++4 


(21.1) 
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Z zZ A 
x x 
dy d; y dyz 


Z Z Z 
> 
y ¥ Y 
x x x 
d.2 d,2_,2 
(b) 


Fig. 21.1 (a) The six M—L vectors of an octahedral complex [ML¢]"* can be defined to lie along the x, y and z axes. (b) The five 
d orbitals; the d2 and d,»_,2 atomic orbitals point directly along the axes, but the d,,,, d,- and dy- atomic orbitals point between them. 
(c) The formation of a d2 orbital from a linear combination of d2_,2 and d2_,2 orbitals. 


However, magnetic data for a range of octahedral d° 
complexes show that they fall into two categories: paramag- 
netic or diamagnetic. The former are called high-spin 
complexes and correspond to those in which, despite the d 
orbitals being split, there are still four unpaired electrons. 
The diamagnetic d complexes are termed /ow-spin and 
correspond to those in which electrons are doubly occupying 
three orbitals, leaving two unoccupied. High- and low-spin 
complexes exist for octahedral dt, d°, dê and d’ metal 
complexes. As shown above, for a d° configuration, low-spin 
corresponds to a diamagnetic complex and high-spin to a para- 
magnetic one. For d*, d° and d” configurations, both high- and 
low-spin complexes of a given configuration are paramagnetic, 
but with different numbers of unpaired electrons. 


21.2 Bonding in -block metal 
complexes: valence bond theory 


Hybridization schemes 


Although VB theory (see Sections 2.1, 2.2 and 5.2) in the 
form developed by Pauling in the 1930s is not much used 
now in discussing d-block metal complexes, the terminology 


and many of the ideas have been retained and some 
knowledge of the theory remains essential. In Section 5.2, 
we described the use of sp°d, sp°d? and sp*d hybridization 
schemes in trigonal pyramidal, square-based pyramidal, 
octahedral and square planar molecules. Applications of 
these hybridization schemes to describe the bonding in 
d-block metal complexes are given in Table 21.1. An empty 
hybrid orbital on the metal centre can accept a pair of elec- 
trons from a ligand to form a o-bond. The choice of parti- 
cular p or d atomic orbitals may depend on the definition 
of the axes with respect to the molecular framework, e.g. in 
linear ML, the M-L vectors are defined to lie along the z 
axis. We have included the cube in Table 21.1 only to 
point out the required use of an f orbital. 


The limitations of VB theory 


This short section on VB theory is included for historical 
reasons, and we illustrate the limitations of the VB model 
by considering octahedral complexes of Cr(II) (d°) and 
Fe(II) (df) and octahedral, tetrahedral and square planar 
complexes of Ni(II) (48). The atomic orbitals required for 
hybridization in an octahedral complex of a first row 
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Table 21.1 Hybridization schemes for the o-bonding frameworks of different geometrical configurations of ligand donor atoms. 


Coordination Arrangement of donor Orbitals hybridized Hybrid orbital Example 
number atoms description 
2 Linear s, Pz sp Ag(NH;)>]~ 
3 Trigonal planar S Pxs Py sp? Hgl;] 
4 Tetrahedral S, Pxs Pys Dz sp FeBr4] 
4 Square planar S, Pxs De dá- spd Ni(CN)4]°~ 
5 Trigonal bipyramidal SD Pys Des da spd CuCl,}>~ 
5 Square-based pyramidal S, Po Pys Pz» d2_ yp spd Ni(CN)s]*~ 
6 Octahedral S, Px Pys Pr, d2, d2_ yp spa Co(NH3)<]** 
6 Trigonal prismatic 8, Ay, dyz, dyzs do, doy sd’ ZrMe¢]*~ 
or or 
S, Px» Pys Pz» dyz, dyz spd 
7 Pentagonal bipyramidal S, Pxs Py» Des Axy, Aa_ yp, da spd V(CN),|*~ 
7 Monocapped trigonal iS Ds Py: Pes Axys dyzs da sp ad NbF|]?~ 
prismatic 
8 Cubic S, Px» Pys Pz> deys dyzs dyzs Jxyz sè df PaF] 
8 Dodecahedral S, Dis Dja Pardes dos des dyi spd’ Mo(CN),]* 
8 Square antiprismatic S, Px, Pys Des Axys dyzs dyzs de, sp d TaF Ja 
9 Tricapped trigonal SDa Py» Pes deys dea rias de_p spd ReH,|*~ 


prismatic 


d-block metal are the 3d», 3d2_ 2, 4s, 4p,, 4p, and 4p- 
(Table 21.1); these orbitals must be unoccupied so as to 
be available to accept six pairs of electrons from the ligands. 
The Cr**(d*) ion has three unpaired electrons and these 
are accommodated in the 3d,,,, 3d,, and 3d,. orbitals: 


ER M 


Vacant orbitals 
available to accept 
ligand electrons 


With the electrons from the ligands included and a hybridi- 
zation scheme applied for an octahedral complex, the 
diagram becomes: 


TATEA TTET TEALA 


+++ SHHHHH 


This diagram is appropriate for all octahedral Cr(II) 
complexes because the three 3d electrons always singly 
occupy different orbitals. 

For octahedral Fe(III) complexes (d°), we must account 
for the existence of both high- and low-spin complexes. 
The electronic configuration of the free Fe** ion is: 


+4+4+4+4+ — —-- 


4s 4p 


For a low-spin octahedral complex such as [Fe(CN)«]*~, we 
can represent the electronic configuration by means of 
the following diagram where the electrons shown in red are 
donated by the ligands: 


Biase ale EE E EEA E mee 


HHHO HHH 


For a high-spin octahedral complex such as [FeF,]*~, the 
five 3d electrons occupy the five 3d atomic orbitals (as in the 
free ion shown above) and the two d orbitals required for 
the sp°d hybridization scheme must come from the 4d set. 
With the ligand electrons included, valence bond theory 
describes the bonding as follows, leaving three empty 4d 
atomic orbitals (not shown): 


HHHH HHHHHH 


This scheme, however, is unrealistic because the 4d orbitals 
are at a significantly higher energy than the 3d atomic 
orbitals. 

Nickel(II) (d?) forms paramagnetic tetrahedral and octa- 
hedral complexes, and diamagnetic square planar complexes. 
Bonding in a tetrahedral complex can be represented as 
follows (ligand electrons are shown in red): 


HHHH HEH 
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and an octahedral complex can be described by the diagram: 


E AAE EAL EET 


HEH HERRER 


in which the three empty 4d atomic orbitals are not shown. 
For diamagnetic square planar complexes, valence bond 
theory gives the following picture: 


HAHH 


4p 


Valence bond theory may rationalize stereochemical and 
magnetic properties, but only at a simplistic level. It can 
say nothing about electronic spectroscopic properties or 
about the kinetic inertness (see Section 26.2) that is a charac- 
teristic of the low-spin d° configuration. Furthermore, the 
model implies a distinction between high- and low-spin 
complexes that is actually misleading. Finally, it cannot tell 
us why certain ligands are associated with the formation of 
high- (or low-)spin complexes. We therefore move on to 
alternative approaches to the bonding. 


21.3 Crystal field theory 


A second approach to the bonding in complexes of the d- 
block metals is crystal field theory. This is an electrostatic 
model and simply uses the ligand electrons to create an 


Orbital A 
energy 


Degenerate 
3d atomic orbitals 


Metal ion M”* and 
six ligands L 

at an infinite 
distance away 


Degenerate 
3d atomic orbitals 


If the electrostatic field 
created by the point charge 
ligands is spherical, 

the energies of the 
electrons in the 3d 

orbitals are raised 
uniformly 
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electric field around the metal centre. Ligands are considered 
as point charges and there are no metal—ligand covalent 
interactions. 


The octahedral crystal field 


Consider a first row metal cation surrounded by six ligands 
placed on the Cartesian axes at the vertices of an octahedron 
(Figure 21.la). Each ligand is treated as a negative point 
charge and there is an electrostatic attraction between the 
metal ion and ligands. However, there is also a repulsive inter- 
action between electrons in the d orbitals and the ligand point 
charges. /f the electrostatic field (the crystal field) were sphe- 
rical, then the energies of the five d orbitals would be raised 
(destabilized) by the same amount. However, since the d.2 
and d.2_,2 atomic orbitals point directly at the ligands while 
the d,,,, d,- and dą, atomic orbitals point between them, the 
da and dap atomic orbitals are destabilized to a greater 
extent than the dy, d,- and dą, atomic orbitals (Figure 21.2). 
Thus, with respect to their energy in a spherical field (the 
barycentre, a kind of ‘centre of gravity’), the d2 and dp _,2 
atomic orbitals are destabilized while the dy,, d,- and dy: 
atomic orbitals are stabilized. 


Crystal field theory is an electrostatic model which predicts 
that the d orbitals in a metal complex are not degenerate. The 
pattern of splitting of the d orbitals depends on the crystal 
field, this being determined by the arrangement and type of 
ligands. 


3 d2 3 d 22 


3d_, 3d 
xy 


, 3d 

xz’ ‘yz 

The 3d atomic orbitals are 
split into two levels 


If the electrostatic field created 

by the point charge ligands is octahedral, 
à the energy of the electrons in the 3d 

orbitals that point directly at the 

ligands is raised with respect to that 

in the spherical field, while the 

energy of the electrons in the orbitals 

that point between the ligands is 

lowered with respect to the spherical field 


Fig. 21.2 The changes in the energies of the electrons occupying the 3d orbitals of a first row M”* ion when the latter is in an 
octahedral crystal field. The energy changes are shown in terms of the orbital energies. Similar diagrams can be drawn for second 


(4d) and third (5d) row metal ions. 
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The two sets of d orbitals in an octahedral field are labelled e, 
and fy, (Figure 21.3). In a tetrahedral field (Figure 21.8), the 
labels become e and t). The symbols ¢ and e refer to the 
degeneracy of the level: 


e a triply degenerate level is labelled z; 
e a doubly degenerate level is labelled e. 


The subscript g means gerade and the subscript u means 
ungerade. Gerade and ungerade designate the behaviour of 
the wavefunction under the operation of inversion, and 
denote the parity (even or odd) of an orbital. 


Point A is related 
to A' by passing 
through the centre 
of inversion. 
Similarly, B is 
related to B'. 


Centre of 
inversion 


From the O, character table (Appendix 3), it can be 
deduced (see Chapter 5) that the d.» and dg_,2 orbitals 
have e, symmetry, while the dx, d,» and d,- orbitals 
possess fy, symmetry (Figure 21.3). The energy separation 
between them is Aset (‘delta oct’) or 10Dg. The overall stabi- 
lization of the fy, orbitals equals the overall destabilization of 
the e, set. Thus, orbitals in the e, set are raised by 0.6A,q 
with respect to the barycentre while those in the 4, set are 
lowered by 0.4A,,. Figure 21.3 also shows these energy 
differences in terms of 10Dq. Both A, and 10Dq notations 
are in common use, but we use Ajy in this book.” The 


Orbital A 
energy 


Fig. 21.3 Splitting of the d orbitals in an octahedral crystal 
field, with the energy changes measured with respect to the 
barycentre, the energy level shown by the hashed line. 


* The notation Dg has mathematical origins in crystal field theory. We 
prefer the use of Asca because of its experimentally determined origins 
(see Section 21.7). 


The u and g labels are applicable only if the system possesses 
a centre of symmetry (centre of inversion) and thus are used 
for the octahedral field, but not for the tetrahedral one: 


Tetrahedron: 
no centre of symmetry 


Octahedron: 
centre of symmetry 


For more on the origins of symmetry labels: see Chapter 5. 


stabilization and destabilization of the ty and e, sets, 
respectively, are given in terms of Aj. The magnitude of 
Aoct is determined by the strength of the crystal field, the 
two extremes being called weak field and strong field 
(equation 21.1). 


Aoet (weak field) < A,.,(strong field) (21.1) 


It is a merit of crystal field theory that, in principle at least, 
values of Asa can be evaluated from electronic spectroscopic 
data (see Section 21.7). Consider the d! complex 
[Ti(OH>),]**, for which the ground state is represented by 
diagram 21.2 or the notation bee 


The absorption spectrum of the ion (Figure 21.4) exhibits 
one broad band for which Amay = 20300cm! corre- 
sponding to an energy change of 243 kJ mol !. (The conver- 
sion is lem! = 11.96 x 10° *kJmol~!.) The absorption 
results from a change in electronic configuration from 
bag eg? to tog eg, and the value of Amax (see Figure 21.16) 
gives a measure of Aset- For systems with more than one d 
electron, the evaluation of A, is more complicated. It is 
important to remember that Ase is an experimental quantity. 

Factors governing the magnitude of A,,, (Table 21.2) are 
the identity and oxidation state of the metal ion and the 
nature of the ligands. We shall see later that A parameters 
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Fig. 21.4 The electronic spectrum of [Ti(OH})¢]** in aqueous 
solution. 


are also defined for other ligand arrangements (e.g. Aj). For 
octahedral complexes, A,,; increases along the following 
spectrochemical series of ligands; the [NCS] ion may 
coordinate through the N- or S-donor (distinguished in red 
below) and accordingly, it has two positions in the series: 


I <Br < [NCS] <Cl <F < [OH] < [ox] 
~H O< [NCS] < NH; <en< bpy< phen < [CN] ~ CO 


weak field ligands > strong field 


ligands increasing Ajo 


The spectrochemical series is reasonably general. Ligands 
with the same donor atoms are close together in the series. If 
we consider octahedral complexes of d-block metal ions, a 
number of points arise which can be illustrated by the 
following examples: 


e the complexes of Cr(II) listed in Table 21.2 illustrate 
the effects of different ligand field strengths for a given 
M”* ion; 


Table 21.2 Values of A, for some d-block metal complexes. 


Complex A/ cm! Complex A| cm! 
TiF.]* 17000 Fe(ox)3]*~ 14100 
Ti(OH,),)** 20 300 Fe(CN)? 35000 
V(OH))6]3*+ 17850 Fe(CN),]*~ 33 800 
V(OH2)¢|°* 12 400 CoF,]*~ 13 100 
CrF,]*~ 15.000 Co(NH3).]** 22900 
Cr(OH))¢]>* 17.400 Co(NH3)¢|** 10200 
Cr(OH3)6]°* 14100 Co(en)3]3+ 24000 
Cr(NH;)6}** 21 600 Co(OH))¢]** 18 200 
Cr(CN)6]?- 26 600 Co(OH2)6]* 9300 
MnF,]?- 21800 Ni(OH3)6]?* 8 500 
Fe(OH3)6] t 13 700 Ni(NH3)¢]7~ 10 800 
Fe(OH>)¢]°* 9 400 Ni(en)3]2+ 11.500 
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32 000 5 


24 000 7 


T T T 
Co(II) Rh(III) Ir(IIl) 


Group 9 metal centre 


Fig. 21.5 The trend in values of A, for the complexes 
[M(NH3)6]** where M = Co, Rh, Ir. 


e the complexes of Fe(II) and Fe(III) in Table 21.2 
illustrate that for a given ligand and a given metal, A, 
increases with increasing oxidation state; 

e where analogous complexes exist for a series of M’* 
metals ions (constant n) in a triad, Ajo, increases signifi- 
cantly down the triad (e.g. Figure 21.5); 

e fora given ligand and a given oxidation state, Act varies 
irregularly across the first row of the d-block, e.g. over the 
range 8000 to 14000cm™! for the [M(OH)),]** ions. 


Trends in values of Asea lead to the conclusion that metal 
ions can be placed in a spectrochemical series which is 
independent of the ligands: 


Mn(II) < Ni(II) < Co(II) < Fe(III) < Cr(II) < Co(II) 
< Ru(III) < Mo(III) < Rh(III) < Pd(II) < Ir(IIl) < Pt(IV) 


ai 


increasing field strength 


Spectrochemical series are empirical generalizations and 
simple crystal field theory cannot account for the magnitudes 
of Aoct values. 


Crystal field stabilization energy: high- and 
low-spin octahedral complexes 


We now consider the effects of different numbers of 
electrons occupying the d orbitals in an octahedral crystal 
field. For a d! system, the ground state corresponds to the 
configuration tog! (21.2). With respect to the barycentre, 
there is a stabilization energy of —0.4A,, (Figure 21.3); 
this is the so-called crystal field stabilization energy, 
CFSE." For a d° ion, the ground state configuration is toy 
and the CFSE = —0.8A,, (equation 21.2). A d? ion (t>) 
has a CFSE = —1.2A,4. 


CFSE = —(2 x 0.4) Agar = —0.8Aoct (21.2) 


Í The sign convention used here for CFSE follows the thermodynamic 
convention. 


Ë 


Hts 


(21.3) 


+s 
HH. 
(21.4) 
For a ground state d* ion, two arrangements are available: 
the four electrons may occupy the fy, set with the configura- 
tion ig (21.3), or may singly occupy four d orbitals, i," 
(21.4). Configuration 21.3 corresponds to a _ low-spin 
arrangement, and 21.4 to a high-spin case. The preferred 
configuration is that with the lower energy and depends on 
whether it is energetically preferable to pair the fourth elec- 
tron or promote it to the e, level. Two terms contribute to 
the electron-pairing energy, P, which is the energy required 
to transform two electrons with parallel spin in different 
degenerate orbitals into spin-paired electrons in the same 
orbital: 


e the loss in the exchange energy (see Box 1.8) which occurs 
upon pairing the electrons; 

e the coulombic repulsion between the spin-paired elec- 
trons. 


For a given d” configuration, the CFSE is the difference in 
energy between the d electrons in an octahedral crystal 
field and the d electrons in a spherical crystal field (see 
Figure 21.2). To exemplify this, consider a d* configuration. 
In a spherical crystal field, the d orbitals are degenerate and 
each of four orbitals is singly occupied. In an octahedral 
crystal field, equation 21.3 shows how the CFSE is deter- 
mined for a high-spin d* configuration (21.4). 


CFSE = —(3 x 0.4) Ager + 0-6 Ager = —0.6A get (21.3) 


For a low-spin df configuration (21.3), the CFSE consists of 
two terms: the four electrons in the fy, orbitals give rise to a 
—1.6A,. term, and a pairing energy, P, must be included to 
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account for the spin-pairing of two electrons. Now consider 
a df ion. In a spherical crystal field (Figure 21.2), one d 
orbital contains spin-paired electrons, and each of four orbi- 
tals is singly occupied. On going to the high-spin d° configura- 
tion in the octahedral field (top eg), no change occurs to the 
number of spin-paired electrons and the CFSE is given by 
equation 21.4. 


CFSE = —(4 x 0.4) Age + (2 x 0.6) Ager = —0.4Ao (21.4) 


For a low-spin d° configuration (tag eg?) the six electrons in 
the 4, orbitals give rise to a —2.4A,,; term. Added to this is a 
pairing energy term of 2P which accounts for the spin- 
pairing associated with the two pairs of electrons in excess 
of the one in the high-spin configuration. Table 21.3 lists 
values of the CFSE for all d” configurations in an octahedral 
crystal field. Inequalities 21.5 and 21.6 show the require- 
ments for high- or low-spin configurations. Inequality 21.5 
holds when the crystal field is weak, whereas expression 
21.6 is true for a strong crystal field. Figure 21.6 summarizes 
the preferences for low- and high-spin d? octahedral 
complexes. 


For high-spin: Aoct < P (21.5) 


For low-spin: Aga > P (21.6) 


We can now relate types of ligand with a preference for 
high- or low-spin complexes. Strong field ligands such as 
[CN] favour the formation of low-spin complexes, while 
weak field ligands such as halides tend to favour high-spin 
complexes. However, we cannot predict whether high- or 
low-spin complexes will be formed unless we have accurate 
values of Ase and P. On the other hand, with some experi- 
mental knowledge in hand, we can make some comparative 
predictions: if we know from magnetic data that 
[Co(OH;)]** is low-spin, then from the spectrochemical 


Table 21.3 Octahedral crystal field stabilization energies (CFSE) for d” configurations; pairing energy, P, terms are included where 
appropriate (see text). High- and low-spin octahedral complexes are shown only where the distinction is appropriate. 


a? High-spin = weak field Low-spin = strong field 
Electronic CFSE Electronic CFSE 
configuration configuration 

d! bag eg? —0.4A oct 

a top eg? —0.8A cet 

P bg eg? E OA 

d bg eg" —0.6A oct bg ey” —1.6Ao + P 

d’ bg eg” 0 b er —2.0A ct + 2P 

d° tog ey” —0.4A oe bag eg? —2.4A ct + 2P 

d' bg Cy —0.8A cer bg Cg —1.8Ao + P 

d top Cy” =T Aia 

a? fig ey —0.6A cet 


10 6,4 
d log Cg 0 


644 Chapter 21 e 


Energy 


Gaseous ion 
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Weak field Strong field 
(high-spin) (low-spin) 
complex complex 


e.g. [Fe(OH,),]°* 


e.g. [Fe(CN),]>- 


Barycentre 


Fig. 21.6 The occupation of the 3d orbitals in weak and strong field Fe** (d°) complexes. 


series we can say that [Co(ox)3]*~ and [Co(CN).]*~ will be 
low-spin. The only common high-spin cobalt(III) complex 
is [CoF,]*. 


Self-study exercises 


All questions refer to ground state electronic configurations. 


1. Draw energy level diagrams to represent a high-spin d° elec- 
tronic configuration. Confirm that the diagram is consistent 
with a value of CFSE = —0.4Ao¢. 


2. Why does Table 21.3 not list high- and low-spin cases for all d” 
configurations? 


3. Explain why the CFSE for a high-spin d° configuration 
contains a 2P term (Table 21.3). 


4. Given that [Co(OH;)¢|** is low-spin, explain why it is possible 
to predict that [Co(bpy)3|°" is also low-spin. 


ahn-Teller distortions 


Octahedral complexes of d° and high-spin d* ions are often 
distorted, e.g. CuF, (the solid state structure of which 
contains octahedrally sited Cu?™ centres, see Section 22.12) 
and [Cr(OH>).]7*, so that two metal—ligand bonds (axial) 
are different lengths from the remaining four (equatorial). 
This is shown in structures 21.5 (elongated octahedron) 
and 21.6 (compressed octahedron). For a high-spin d* 
ion, one of the e, orbitals contains one electron while 
the other is vacant. If the singly occupied orbital is 
the d2, most of the electron density in this orbital will be 
concentrated between the cation and the two ligands on 
the z axis. Thus, there will be greater electrostatic repulsion 


Ìt Other distortions may arise and these are exemplified for Cu(II) 
complexes in Section 22.12. 


associated with these ligands than with the other four and 
the complex suffers elongation (21.5). Conversely, occupa- 
tion of the d2_,2 orbital would lead to elongation along 
the x and y axes as in structure 21.6. A similar argument 
can be put forward for the d° configuration in which the 
two orbitals in the e, set are occupied by one and two 
electrons respectively. Electron-density measurements 
confirm that the electronic configuration of the Cr’? ion 
in [Cr(OH,),|°* is approximately doy dyz dy da’. The 
corresponding effect when the fy, set is unequally occupied 
is expected to be very much smaller since the orbitals are 
not pointing directly at the ligands. This expectation is 
usually, but not invariably, confirmed experimentally. 
Distortions of this kind are called Jahn-Teller or tetragonal 
distortions. 


J n+ 


Bond length a > e 
(21.5) 


Bond length a < e 
(21.6) 


The Jahn-Teller theorem states that any non-linear molecular 
system in a degenerate electronic state will be unstable and 
will undergo distortion to form a system of lower symmetry 
and lower energy, thereby removing the degeneracy. 


The observed tetragonal distortion of an octahedral 
[ML6]"" complex is accompanied by a change in symmetry 
(On to Dan) and a splitting of the e, and thy sets of orbitals 
(see Figure 21.10). Elongation of the complex (21.5) is accom- 
panied by the stabilization of each d orbital that has a z 
component, while the d,,, and d.2_ 2 orbitals are destabilized. 


xy" 
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For electronic transitions caused by the absorption and emis- 
sion of energy, the following notation is used: 


Emission: (high energy level) — (low energy level) 
Absorption: (high energy level) — (low energy level) 


For example, to denote an electronic transition from the e to 
t, level in a tetrahedral complex, the notation should be 
ty eit Ce 


The tetrahedral crystal field 


So far we have restricted the discussion to octahedral 
complexes. We now turn to the tetrahedral crystal field. 
Figure 21.7 shows a convenient way of relating a tetrahedron 
to a Cartesian axis set. With the complex in this orientation, 
none of the metal d orbitals points exactly at the ligands, but 


Fig. 21.7 The relationship between a tetrahedral ML, 
complex and a cube; the cube is readily related to a Cartesian 
axis set. The ligands lie between the x, y and z axes; compare 
this with an octahedral complex, where the ligands lie on the 
axes. 
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energy 
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the d,,, d,- and dy- orbitals come nearer to doing so than the 
d and d _, orbitals. For a regular tetrahedron, the split- 
ting of the d orbitals is inverted compared with that for a 
regular octahedral structure, and the energy difference 
(Aet) is smaller. If all other things are equal (and of 
course, they never are), the relative splittings A, and Aiet 


are related by equation 21.7. 


—4 wl 
Atet = 5 Aoct p: 5 Aoet 


: (21.7) 


Figure 21.8 compares crystal field splitting for octahedral 
and tetrahedral fields; remember, the subscript g in the 
symmetry labels (see Box 21.1) is not needed in the tetra- 
hedral case. 

Since Ae is significantly smaller than A,.4, tetrahedral 
complexes are high-spin. Also, since smaller amounts of 
energy are needed for t, — e transitions (tetrahedral) than 
for e, — tg transitions (octahedral), corresponding octa- 
hedral and tetrahedral complexes often have different 
colours. (The notation for electronic transitions is given in 
Box 21.2.) 


Tetrahedral complexes are almost invariably high-spin. 


Fig. 21.8 Crystal field splitting diagrams for octahedral (left-hand side) and tetrahedral (right-hand side) fields. The splittings are 


referred to a common barycentre. See also Figure 21.2. 
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Fig. 21.9 [PhB(CH2PPh;>)3Col] is a rare example of a low-spin, distorted tetrahedral complex. The tripodal tris(phosphine) is a 


strong-field ligand. 


While one can anticipate that tetrahedral complexes will 
be high-spin, the effects of a strong field ligand which also 
lowers the symmetry of the complex can lead to a low-spin 
‘distorted tetrahedral’ system. This is a rare situation, and 
is observed in the cobalt(II) complex shown in Figure 21.9. 
The lowering in symmetry from a model Ty CoL4 complex 
to C3, CoL3X results in the change in orbital energy levels 
(Figure 21.9). If the a; orbital is sufficiently stabilized and 
the e set is significantly destabilized, a low-spin system is 
energetically favoured. 

Jahn-Teller effects in tetrahedral complexes are illustrated 
by distortions in d? (e.g. [CuCl]?-) and high-spin df 
complexes. A particularly strong structural distortion is 
observed in [F e0417 (see structure 22.32). 


Thes uare planar crystal field 


A square planar arrangement of ligands can be formally 
derived from an octahedral array by removal of two trans- 
ligands (Figure 21.10). If we remove the ligands lying along 
the z axis, then the d. orbital is greatly stabilized; the 
energies of the d,. and d,- orbitals are also lowered (Fig- 
ure 21.10). The fact that square planar dë complexes such 
as [Ni(CN),]?~ are diamagnetic is a consequence of the 
relatively large energy difference between the d,,, and 
d.2_,2 orbitals. Worked example 21.1 shows an experimental 
means (other than single-crystal X-ray diffraction) by 
which square planar and tetrahedral d8 complexes can be 
distinguished. 


Worked example 21.1 S uare planar and tetrahedral 
8 complexes 


The d? complexes [Ni(CN)4]*~ and [NiClj]?~ are square 
planar and tetrahedral respectively. Will these complexes be 
paramagnetic or diamagnetic? 


Consider the splitting diagrams shown in Figure 21.11. 
For [Ni(CN)4] and [NiCly]?-, the eight electrons occupy 
the d orbitals as follows: 


> 


Orbital energy 


+H 


Square planar 


[Ni(CN) 


Tetrahedral 
[Nic] 


Thus, [NiCl4]} is paramagnetic while [Ni(CN)4] is 
diamagnetic. 


Self-study exercises 


No specific answers are given here, but the answer to each question 
is closely linked to the theory in worked example 21.1. 


1. The complexes [NiCl,(PPh;)2] and [PdCl, (PPh;3)2] are para- 
magnetic and diamagnetic respectively. What does this tell 
you about their structures? 


2. The anion [Ni(SPh)4]™ is tetrahedral. Explain why it is 
paramagnetic. 


3. Diamagnetic trans-[NiBr2(PEtPh,) | converts to a form which 
is paramagnetic. Suggest a reason for this observation. 
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Fig. 21.10 A square planar complex can be derived from an octahedral complex by the removal of two ligands, e.g. those on the 
z axis; the intermediate stage is analogous to a Jahn-Teller distorted (elongated) octahedral complex. 


Although [NiCl4] (d°) is tetrahedral and paramagnetic, 
[PdCl] and [PtCl]?~ (also d*) are square planar and 
diamagnetic. This difference is a consequence of the larger 
crystal field splitting observed for second and third row 
metal ions compared with their first row congener; Pd(II) 
and Pt(II) complexes are invariably square planar (but see 
Box 21.6). 


Second and third row metal d complexes (e.g. Pt(II), Pd(II), 
Rh(1), Ir(1)) are invariably square planar. 


Other crystal fields 


Figure 21.11 shows crystal field splittings for some common 
geometries with the relative splittings of the d orbitals with 
respect to Ase- By using these splitting diagrams, it is 
possible to rationalize the magnetic properties of a given 
complex (see Section 21.9). However, a word of caution: 


Figure 21.11 refers to ML, complexes containing like ligands, 
and so only applies to simple complexes. 


Crystal field theory: uses and limitations 


Crystal field theory can bring together structures, magnetic 
properties and electronic properties, and we shall expand 
upon the last two topics later in the chapter. Trends in 
CFSEs provide some understanding of thermodynamic and 
kinetic aspects of d-block metal complexes (see Sections 
21.10-21.12 and 26.4). Crystal field theory is surprisingly 
useful when one considers its simplicity. However, it has 
limitations. For example, although we can interpret the 
contrasting magnetic properties of high- and low-spin 
octahedral complexes on the basis of the positions of 
weak- and strong-field ligands in the spectrochemical 
series, crystal field theory provides no explanation as to 
why particular ligands are placed where they are in the series. 
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Fig. 21.11 Crystal field splitting diagrams for some common fields referred to a common barycentre; splittings are given with 


respect to Aoct- 


21.4 Molecular orbital theory: 
octahedral complexes 


In this section, we consider another approach to the bonding 
in metal complexes: the use of molecular orbital theory. In 
contrast to crystal field theory, the molecular orbital model 
considers covalent interactions between the metal centre 
and ligands. 


Complexeswithn metal-ligand z-bonding 


We illustrate the application of MO theory to d-block metal 
complexes first by considering an octahedral complex such as 
[Co(NH;)¢]** in which metal—ligand o-bonding is dominant. 
In the construction of an MO energy level diagram for such 
a complex, many approximations are made and the result is 
only qualitatively accurate. Even so, the results are useful for 
an understanding of metal—ligand bonding. 

By following the procedures that we detailed in Chapter 5, 
an MO diagram can be constructed to describe the bonding 
in an O, [ML,]"* complex. For a first row metal, the valence 
shell atomic orbitals are 3d, 4s and 4p. Under O, symmetry 
(see Appendix 3), the s orbital has ają symmetry, the p orbi- 
tals are degenerate with ¢),, symmetry, and the d orbitals split 
into two sets with e, (d.2 and dz _,2 orbitals) and ty, (dyy, dyz 
and d,- orbitals) symmetries, respectively (Figure 21.12). 
Each ligand, L, provides one orbital and derivation of the 
ligand group orbitals for the O, Le fragment is analogous 


to those for the Fẹ fragment in SF, (see Figure 5.27, 
equations 5.26-5.31 and accompanying text). These LGOs 
have aig, fiu and e, symmetries (Figure 21.12). Symmetry 
matching between metal orbitals and LGOs allows the 
construction of the MO diagram shown in Figure 21.13. 
Combinations of the metal and ligand orbitals generate six 
bonding and six antibonding molecular orbitals. The metal 
dey, dy, and dy, atomic orbitals have tj, symmetry and are 
non-bonding (Figure 21.13). The overlap between the 
ligand and metal s and p orbitals is greater than that invol- 
ving the metal d orbitals, and so the a), and ti, MOs are 
stabilized to a greater extent than the e, MOs. In an octahe- 
dral complex with no 1-bonding, the energy difference between 
the fh, and e,” levels corresponds to A,q in crystal field 
theory (Figure 21.13). 

Having constructed the MO diagram in Figure 21.13, we 
are able to describe the bonding in a range of octahedral 
o-bonded complexes. For example: 


e in low-spin [Co(NH;),|**, 18 electrons (six from Co** 
and two from each ligand) occupy the aig, fiu, €g and thy 
MOs; 

e in high-spin [CoF,]*, 18 electrons are available, 
12 occupying the aig, fiu and eg MOs, four the ty, level, 
and two the e,” level. 


Whether a complex is high- or low-spin depends upon 
the energy separation of the t» and e," levels. Notionally, in 
a o-bonded octahedral complex, the 12 electrons supplied 
by the ligands are considered to occupy the aig, fiu and eg 
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Fig. 21.12 Metal atomic orbitals s, Px, Py, pz, 42,2, d2 matched by symmetry with ligand group orbitals for an octahedral (Oy) 


complex with only o-bonding. 


orbitals. Occupancy of the fh, and e levels corresponds to 
the number of valence electrons of the metal ion, just as in 
crystal field theory. The molecular orbital model of bonding 
in octahedral complexes gives much the same results as 
crystal field theory. It is when we move to complexes with 
M-—L z-bonding that distinctions between the models emerge. 


Complexes with metal-ligand z-bonding 


The metal d,,,, d,- and dy, atomic orbitals (the f,, set) are non- 
bonding in an [ML¢]"*, c-bonded complex (Figure 21.13) and 
these orbitals may overlap with ligand orbitals of the correct 
symmetry to give m-interactions (Figure 21.14). Although 
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Fig. 21.13 An approximate MO diagram for the formation of [ML,]"* (where M is a first row metal) using the ligand group 
orbital approach; the orbitals are shown pictorially in Figure 21.12. The bonding only involves M—L o-interactions. 


(a) 


(b) 


Fig. 21.14 x-Bond formation in a linear L-M—L unit in which the metal and ligand donor atoms lie on the x axis: (a) between 
metal dą- and ligand p, orbitals as for L = I , an example of a m-donor ligand; and (b) between metal dẹ- and ligand z°*-orbitals 


as for L = CO, an example of a z-acceptor ligand. 


m-bonding between metal and ligand d orbitals is sometimes 
considered for interactions between metals and phosphine 
ligands (e.g. PR; or PF3), it is more realistic to consider the 
roles of ligand o*-orbitals as the acceptor orbitals.’ Two 
types of ligand must be differentiated: 7-donor and z-acceptor 
ligands. 


t For further discussion, see: A.G. Orpen and N.G. Connelly (1985) 
Journal of the Chemical Society, Chemical Communications, p. 1310. See 
also the discussion of negative hyperconjugation at the end of Section 14.6. 


A 1-donor ligand donates electrons to the metal centre in an 
interaction that involves a filled ligand orbital and an empty 
metal orbital; a z-acceptor ligand accepts electrons from the 
metal centre in an interaction that involves a filled metal 
orbital and an empty ligand orbital. 


m-Donor ligands include Cl’, Br” and I” and the metal- 
ligand z-interaction involves transfer of electrons from 
filled ligand p orbitals to the metal centre (Figure 21.14a). 
Examples of a-acceptor ligands are CO, Nx, NO and 
alkenes, and the metal—ligand a-bonds arise from the 
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Fig. 21.15 Approximate partial MO diagrams for metal—ligand m-bonding in an octahedral complex: (a) with 7-donor ligands 
and (b) with z-acceptor ligands. In addition to the MOs shown, o-bonding in the complex involves the a), and ti MOs 
(see Figure 21.13). Electrons are omitted from the diagram, because we are dealing with a general M"* ion. Compared with 


Figure 21.13, the energy scale is expanded. 


back-donation of electrons from the metal centre to 
vacant antibonding orbitals on the ligand (for example, 
Figure 21.14b). 7-Acceptor ligands can stabilize low oxida- 
tion state metal complexes (see Chapter 24). Figure 21.15 
shows partial MO diagrams which describe metal—ligand 
m-interactions in octahedral complexes; the metal s and p 
orbitals which are involved in o-bonding (see Figure 21.13) 
have been omitted. Figure 21.15a shows the interaction 
between a metal ion and six z-donor ligands; electrons are 


omitted from the diagram, and we return to them later. 
The ligand group z-orbitals (see Box 21.3) are filled and lie 
above, but relatively close to, the ligand o-orbitals, and inter- 
action with the metal d,,,, d,- and dy, atomic orbitals leads to 
bonding (f2) and antibonding (hg ) MOs. The energy 
separation between the fy and e,“ levels corresponds to 
Aoet- Figure 21.15b shows the interaction between a metal 
ion and six z-acceptor ligands. The vacant ligand x°*-orbitals 
lie significantly higher in energy than the ligand o-orbitals. 
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Figure 21.15 shows three ligand group z-orbitals and you 
may wonder how these arise from the combination of six 
ligands, especially since we show a simplistic view of the 
m-interactions in Figure 21.14. In an octahedral [ML6]"* 
complex with six 7-donor or acceptor ligands lying on the 
x, y and z axes, each ligand provides two z-orbitals, e.g. for 
ligands on the x axis, both p, and p, orbitals are available 


=x 


(a) 


Three LGOs of the type shown in (a) can be constructed, one 
in each plane, and these can, respectively, overlap with the 
metal dy, d,- and dy, atomic orbitals to give the th, and 
tog’ MOs shown in Figure 21.15. 


Orbital interaction leads to bonding (f) and antibonding 
(hg ) MOs as before, but now the t° MOs are at high 
energy and A, is identified as the energy separation 
between the t and e,* levels (Figure 21.15b). 

Although Figures 21.13 and 21.15 are qualitative, they reveal 
important differences between octahedral [ML¢]"* complexes 
containing o-donor, z-donor and z-acceptor ligands: 


e A « decreases in going from a o-complex to one 
containing 7-donor ligands; 

e foracomplex with z-donor ligands, increased 7-donation 
stabilizes the ft, level and destabilizes the bg s thus 
decreasing A,.; 

e A, values are relatively large for complexes containing 
m-acceptor ligands, and such complexes are likely to be 
low-spin; 

e for a complex with a-acceptor ligands, increased 
m-acceptance stabilizes the fy, level, increasing Asc- 


The above points are consistent with the positions of the 
ligands in the spectrochemical series; 7-donors such as I~ 
and Br” are weak-field, while z-acceptor ligands such as 
CO and [CN] are strong-field ligands. 

Let us complete this section by considering the occupancies 
of the MOs in Figures 21.15a and b. Six a-donor ligands 
provide 18 electrons (12 g- and six z-electrons) and these 


o9 
Coed 


for a-bonding. Now consider just one plane containing 
four ligands of the octahedral complex, e.g. the xz plane. 
Diagram (a) below shows a ligand group orbital (LGO) 
comprising the p, orbitals of two ligands and the p, orbitals 
of the other two. Diagram (b) shows how the LGO in (a) 
combines with the metal dą- orbital to give a bonding MO, 
while (c) shows the antibonding combination. 


Z 
(c) 


Self-study exercise 


Show that, under Op symmetry, the LGO in diagram (a) 
belongs to a t set. 


can notionally be considered to occupy the aig, tiu, €g and 
the orbitals of the complex. The occupancy of the t», and 
e` levels corresponds to the number of valence electrons 
of the metal ion. Six z-acceptor ligands provide 12 electrons 
(i.e. 12 o-electrons since the z-ligand orbitals are empty) 
and, formally, we can place these in the aig, fiu and e, orbi- 
tals of the complex. The number of electrons supplied by 
the metal centre then corresponds to the occupancy of the 
tg and e,“ levels. Since occupying antibonding MOs 
lowers the metal-ligand bond order, it follows that, for 
example, octahedral complexes with z-accepting ligands 
will not be favoured for metal centres with d’, d8, d? or 
d'° configurations. This last point brings us back to some 
fundamental observations in experimental inorganic chem- 
istry: d-block metal organometallic and related complexes 
tend to obey the effective atomic number rule or 18-electron 
rule. Worked example 21.2 illustrates this rule, and we 
return to its applications in Chapter 24. 


A low oxidation state organometallic complex contains 
m-acceptor ligands and the metal centre tends to acquire 

18 electrons in its valence shell (the /8-electron rule), thus 
filling the valence orbitals, e.g. Cr in Cr(CO),, Fe in Fe(CO);, 
and Ni in Ni(CO),4. 
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Worked example 21.2 18-Electron rule 


Show that Cr(CO), obeys the 18-electron rule. 


The Cr(0) centre has six valence electrons. 

CO is a a-acceptor ligand, and each CO ligand is a 
2-electron donor. 

The total electron count at the metal centre in Cr(CO), = 
6+ (6x 2) = 18. 


Self-study exercises 


1. Show that the metal centre in each of the following obeys the 
18-electron rule: (a) Fe(CO)s5; (b) Ni(CO)4; (c) [Mn(CO);] ; 
(d) Mo(CO),. 


2. (a) How many electrons does a PPh; ligand donate? (b) Use 
your answer to (a) to confirm that the Fe centre in 
Fe(CO)4(PPh;) obeys the 18-electron rule. 


3. What is the oxidation state of each metal centre in the 
complexes in question (1)? [Ans. (a) 0; (b) 0; (c) —1; (d) 0] 


In applying the 18-electron rule, one clearly needs to know 
the number of electrons donated by a ligand, e.g. CO is a 
2-electron donor. An ambiguity arises over NO groups 
in complexes. Nitrosyl complexes fall into two classes: 


e NOasa3-electron donor: crystallographic data show linear 
M—N-O (observed range -M—N-—O = 165-180°) and 
short M—N and N—O bonds indicating multiple bond 
character; IR spectroscopic data give v(NO) in the range 
1650-1900 cm7}; the bonding mode is represented as 21.7 
with the N atom taken to be sp hybridized. 

e NO as a I-electron donor: crystallographic data reveal 
a bent M—N-—O group (observed range _-M—N-O = 
120-140°), and N—O bond length typical of a double 


In Section 20.7, we stated that there is a small group of d? or d! 
metal complexes in which the metal centre is in a trigonal 
prismatic (e.g. [TaMe,] and [ZrMe,]_ ) or distorted trigonal 
prismatic (e.g. [MoMe,] and [WMeg]) environment. The 
methyl groups in these d° complexes form M-C o-bonds, 
and 12 electrons are available for the bonding: one electron 
from each ligand and six electrons from the metal, including 
those from the negative charge where applicable. (In counting 
electrons, we assume a zero-valent metal centre: see 
Section 24.3.) The qualitative energy level diagram on the 
right shows that, in a model MH, complex with an octahedral 
structure, these 12 electrons occupy the aig, eg and tiy, MOs. 
Now consider what happens if we change the geometry of 
the model MH, complex from octahedral to trigonal pris- 
matic. The point group changes from Op to D3,, and as a 
consequence, the properties of the MOs change as shown in 
the figure. The number of electrons stays the same, but there 
is a net gain in energy. This stabilization explains why d° 
(and also d!) complexes of the MMe, type show a preference 
for a trigonal prismatic structure. However, the situation is 
further complicated because of the observation that 
[MoMeg] and [WMe¢], for example, exhibit structures with 
C3y symmetry (i.e. distorted trigonal prismatic): three of 
the M-C bonds are normal but three are elongated and have 
smaller angles between them. This distortion can also be 
explained in terms of MO theory, since additional orbital 
stabilization for the 12-electron system is achieved with 
respect to the D3, structure. 


Further reading 


K. Seppelt (2003) Accounts of Chemical Research, vol. 36, 
p. 147 —‘Nonoctahedral structures’. 


Energy 
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bond; IR spectroscopic data show v(NO) in the range 
1525-1690cm™'; the bonding mode is represented as 
21.8 with the N atom considered as sp” hybridized. 


o: 
M 
M—N, 
(21.8) 


M==N=0. <—> !M—N=0O: 


(21.7) 


Although the 18-electron rule is quite widely obeyed for 
low oxidation state organometallic compounds containing 
m-acceptor ligands, it is useless for higher oxidation state 
metals. This is clear from examples of octahedral complexes 
cited in Section 20.7, and can be rationalized in terms of the 
smaller energy separations between bonding and anti- 
bonding orbitals illustrated in Figures 21.13 and 21.15a 
compared with that in Figure 21.15b. 

We could extend our arguments to complexes such as 
[CrO] and [MnO,]~ showing how z-donor ligands help 
to stabilize high oxidation state complexes. However, for a 
valid discussion of these examples, we need to construct 
new MO diagrams appropriate to tetrahedral species. To 
do so would not provide much more insight than we have 
gained from considering the octahedral case, and interested 
readers are directed to more specialized texts.’ 


21.5 Ligand field theory 


Although we shall not be concerned with the mathematics of 
ligand field theory, it is important to comment upon it briefly 
since we shall be using ligand field stabilization energies 
(LFSEs) later in this chapter. 


Ligand field theory is an extension of crystal field theory 
which is freely parameterized rather than taking a localized 
field arising from point charge ligands. 


Ligand field, like crystal field, theory is confined to the role of 
d orbitals, but unlike the crystal field model, the ligand field 
approach is not a purely electrostatic model. It is a freely 
parameterized model, and uses Ase and Racah parameters 
(to which we return later) which are obtained from electronic 
spectroscopic (i.e. experimental) data. Most importantly, 
although (as we showed in the last section) it is possible to 
approach the bonding in d-block metal complexes by using 
molecular orbital theory, it is incorrect to state that ligand 
field theory is simply the application of MO theory.* 


t For application of MO theory to geometries other than octahedral, see 
Chapter 9 in: J.K. Burdett (1980) Molecular Shapes: Theoretical Models 
of Inorganic Stereochemistry, Wiley, New York. 

* For a more detailed introduction to ligand field theory, see: M. Gerloch 
and E.C. Constable (1994) Transition Metal Chemistry: The Valence 
Shell in d-Block Chemistry, VCH, Weinheim, pp. 117-120; also see the 
further reading list at the end of the chapter. 
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21.6 Describing electrons in multi- 
electron systems 


In crystal field theory, we have considered repulsions 
between d-electrons and ligand electrons, but have ignored 
interactions between d-electrons on the metal centre. This 
is actually an aspect of a more general question about how 
we describe the interactions between electrons in multi- 
electron systems. We will now show why simple electron 
configurations such as 2s*2p' or 4s°3d? do not uniquely 
define the arrangement of the electrons. This leads us to an 
introduction of term symbols for free atoms and ions. For 
the most part, use of these symbols is confined to our discus- 
sions of the electronic spectra of d- and f-block complexes. In 
Section 1.7, we showed how to assign a set of quantum 
numbers to a given electron. For many purposes, this level 
of discussion is adequate. However, for an understanding 
of electronic spectra, a more detailed discussion is required. 
Before studying this section, you should review Box 1.5. 


uantum numbers and for multi- 


electron species 


In the answer to worked example 1.7, we ignored a complica- 
tion. In assigning quantum numbers to the four 2p electrons, 
how do we indicate whether the last electron is in an orbital 
with m; = +1, 0 or —1? This, and related questions, can be 
answered only by considering the interaction of electrons, 
primarily by means of the coupling of magnetic fields gener- 
ated by their spin or orbital motion: hence the importance of 
spin and orbital angular momentum (see Section 1.6). 

For any system containing more than one electron, the 
energy of an electron with principal quantum number n 
depends on the value of /, and this also determines the 
orbital angular momentum which is given by equation 21.8 
(see Box 1.5). 


Orbital angular momentum = ( (1+1) ) + 
T 


(21.8) 
The energy and the orbital angular momentum of a multi- 
electron species are determined by a new quantum number, 
L, which is related to the values of / for the individual elec- 
trons. Since the orbital angular momentum has magnitude 
and (2l+ 1) spatial orientations with respect to the z axis 
(i.e. the number of values of m), vectorial summation of indi- 
vidual / values is necessary. The value of m; for any electron 
denotes the component of its orbital angular momentum, 
m(h/2r), along the z axis (see Box 1.5). Summation of m; 
values for individual electrons in a multi-electron system 
therefore gives the resultant orbital magnetic quantum 
number Mz: 


M, = xm, 


Just as m; may have the (2/ + 1) values /, (7-1) ...0...-(/-1), 
—l, so M; can have (2L + 1) values L, (L-1)...0...-(L—1), —L. 
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If we can find all possible values of M, for a multi-electron 
species, we can determine the value of L for the system. 

As a means of cross-checking, it is useful to know what 
values of L are possible. The allowed values of L can be 
determined from / for the individual electrons in the multi- 
electron system. For two electrons with values of /; and h: 


L = (h + h), (h + h- 1), asa LA -h| 


The modulus sign around the last term indicates that |/, — | 
may only be zero or a positive value. As an example, consider 
a p configuration. Each electron has / = 1, and so the 
allowed values of L are 2, 1 or 0. Similarly, for a d configura- 
tion, each electron has / = 2, and so the allowed values of L 
are 4, 3, 2, 1 or 0. For systems with three or more electrons, 
the electron—electron coupling must be considered in sequen- 
tial steps: couple /; and / as above to give a resultant L, and 
then couple L with /;, and so on. 

Energy states for which L = 0, 1, 2, 3, 4... are known as S, 
P, D, F, G... terms, respectively. These are analogous to the s, 
p, d, f, g... labels used to denote atomic orbitals with / = 0, 1, 
2, 3, 4... in the l-electron case. By analogy with equation 21.8, 
equation 21.9 gives the resultant orbital angular momentum 
for a multi-electron system. 

(21.9) 


l 
Orbital angular momentum = (\/L(L + 1)) = 
T 


uantum numbers and for multi- 


electron species 


Now let us move from the orbital quantum number to the 
spin quantum number. In Section 1.6, we stated that 
the spin quantum number, s, determines the magnitude of 
the spin angular momentum of an electron and has a value 
of L, For a l-electron species, m, is the maenete spin 
angular momentum and has a value of +5 or — 5. We now 
need to define the quantum numbers S and Ms Tot multi- 
electron species. The spin angular momentum for a multi- 
electron species is given by equation 21.10, where S is the 
total spin quantum number. 


h 


Spin angular momentum = (\/S(S + 1)) i 
T 


(21.10) 
The quantum number Ms is obtained by algebraic summa- 
tion of the m, values for individual electrons: 


Ms = Som, 


For a system with n electrons, each having s = 5, possible 
values of S fall into two series depending on the total 
number of electrons: 


for an odd number of electrons; 
for an even number of electrons. 


S cannot take negative values. The case of S = 5 clearly 
corresponds w a l-electron system, for which values of m, 
are +5 or 5, and values of Ms are also +5 or —5. For 


Nie 


each value of S, there are (2S + 1) values of Ms : 
S,(S- 1), ... -(S- 1), -S 


Thus, tof a= U, Mg = D forg = Ms = 1,0 or 
S = 3, Ms = 3,5, 3 


Allowed values of Ms : 


1, and for 


Nie 
ie} 
5 

Niu 


Microstates and term symbols 


With sets of quantum numbers in hand, the electronic states 
(microstates) that are possible for a given electronic config- 
uration can be determined. This is best achieved by 
constructing a table of microstates, remembering that: 


e no two electrons may possess the same set of quantum 
numbers (the Pauli exclusion principle); 
e only unique microstates may be included. 


Let us start with the case of two electrons in s orbitals. There 
are two general electronic configurations which describe this: 
ns’ and ns'n's'. Our aim is to determine the possible arrange- 
ments of electrons within these two configurations. This will 
give us a general result which relates all ns? states (regardless 
of n) and another which relates all ns'n's' states (regardless of 
n and n'). An extension of these results leads to the conclu- 
sion that a single electronic configuration (e.g. 2s*2p”) does 
not define a unique arrangement of electrons. 


Case 1: ? configuration 

An electron in an s atomic orbital must have / = 0 and mı = 
0, and for each electron, m, can be +4 or —3. The ns? config- 
uration is described in Table 21.4. Aroba the Pauli exclu- 
sion principle means that the two electrons in a given 
microstate must have different values of m,, i.e. f and | in 
one row in Table 21.4. A second arrangement of electrons 
is given in Table 21.4, but now we must check whether this 
is the same as or different from the first arrangement. We 
cannot physically distinguish the electrons, so must use sets 
of quantum numbers to decide if the microstates (i.e. rows 
in the table) are the same or different: 


e first microstate: / 
m, = — 5; 

e second microstate: / 
m, = +3. 


0, m; = 0, m; +4; l = 0, m; = 0, 


0, ms le] 


0, m; 3 0, mı = 0, 


Table 21.4 Table of microstates for an ns? configuration; an 
electron with m, = +4 is denoted as fî, and an electron with 
mM; = 4 is denoted as |. See text for explanation. 


First Second | Mz: = Em; Ms = <&m, 

electron: electron: 

my, = 0 m; = 0 

T Ip 0 0 L=0,S=0 
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The microstates are identical (the electrons have simply been 
switched around) and so one microstate is discounted. 
Hence, for the ns? configuration, only one microstate is 
possible. The values of Ms and M; are obtained by reading 
across the table. The result in Table 21.4 is represented as 
a term symbol which has the form CST ZL, where (2S + 1) 
is called the multiplicity of the term: 


L=0 Sterm 
Multiplicity L=1 Pterm 
of the term ~~ @S+1)yp ~~ L=2 Dterm 
L=3 Fterm 
L=4 Gterm 


Terms for which (2S + 1) = 1, 2, 3, 4 ... (corresponding 
to S = 0, 4, 1, 3...) are called singlet, doublet, triplet, 
quartet ... terms, respectively. Hence, the ns? configuration 
in Table 21.4 corresponds to a !S term (a ‘singlet S term’). 


Case 2: + ' 1 configuration 


Table 21.5 shows allowed microstates for an ns'n's' config- 
uration. It is important to check that the three microstates 
are indeed different from one another: 


e first microstate: / = 0, m = 0,m, = +51 = 0, m = 0, 
mM = +3; 

e second microstate: / = 0, m; = 0, m, +331 0,m, = 0, 
m; = —4; 

e third microstate: / = 0, m; = 0, m, 51 = 0, m, = 0, 
m, = —5. 


Values of Ms and Mz are obtained by reading across the 
table. Values of L and S are obtained by fitting the values 
of Ms and M, to the series: 


Wil (L-1) ... 0, ... {L - 1), -L 
Mot 8. S= ASS 


and are shown in the right-hand column of Table 21.5. A 
value of S = 1 corresponds to a multiplicity of (2S + 1) 
= 3. This gives rise to a °S term (a ‘triplet S term’). 


Table 21.5 Table of microstates for an ns'n's' configuration; 
an electron with m, = +5 is denoted as {, and an electron 
with m, = —4 as |. Each row in the table corresponds to a 
different microstate. 


First Second 
electron: electron: 
my = 0 m; = 0 


Mr: = Xm, Ms = Xm, 


T t 0 +1 
T | 0 0 L=0, 
| | 0 zj S=1 


Ý It is unfortunate that S is used for the resultant spin quantum number 
as well as a term with L = 0, but, in practice, this double usage rarely 
causes confusion. 
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Self-study exercises 


1. Show that an s" configuration corresponds to a °S term. 
2. Show that a d' configuration corresponds to a °D term. 


3. In Table 21.5, why is there not a microstate in which the first 
electron has m, = -4, and the second electron has m, = +)? 


The uantumnumbers and 


Before moving to further examples, we must address the 
interaction between the total angular orbital momentum, 
L, and the total spin angular momentum, S. To do so, we 
define the total angular momentum quantum number, J. 
Equation 21.11 gives the relationship for the total angular 
momentum for a multi-electron species. 


h 
Total angular momentum = (VI + D) T (21.11) 
w 


The quantum number J takes values (L + $), (L + S- 1)... 
|L — S|, and these values fall into the series 0, 1, 2 ... or 4, 3, $ 
... (like j for a single electron, J for the multi-electron system 
must be positive or zero). It follows that there are (2S + 1) 
possible values of J for S < L, and (2L + 1) possible values 
for L < S. The value of M; denotes the component of the 
total angular momentum along the z axis. Just as there are 
relationships between S and Ms, and between L and Mz, 


there is one between J and M}: 
Allowed values of My: J, (J — 1) ... (J — 1), J 


The method of obtaining J from L and S is based on LS 
(or Russell-Saunders) coupling, i.e. spin-orbit coupling. 
Although it is the only form of coupling of orbital and 
spin angular momentum that we shall consider in this 
book, it is not valid for all elements (especially those with 
high atomic numbers). In an alternative method of 
coupling, / and s for all the individual electrons are first 
combined to give j, and the individual j values are combined 
in a j-j coupling scheme.* The difference in coupling 
schemes arises from whether the spin-orbit interaction is 
greater or smaller than the orbit—orbit and spin-spin inter- 
actions between electrons. 

We are now in a position to write full term symbols which 
include information about S, L and J. The notation for a full 
term symbol is: 


S, P, D, F, G ... term 
Multiplicity asai 
of the term (25 + Ly en 


A term symbol *Pp (‘triplet P zero’) signifies a term with 
L = 1, QS+1) = 3 (ie. S = 1), and J = 0. Different 


* For details of jj coupling, see: M. Gerloch (1986) Orbitals, Terms and 
States, Wiley, Chichester, p. 74. 
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values of J denote different levels within the term, i.e. 
CSN Lg PY Ly. 55.5 for example: 


Energy aR, 
3F 

— F; 

— 3F, 2 


The degeneracy of any J level is (2J + 1); this follows from 
the allowed My values being J, (J — 1) ... -(J-— 1), —J. The 
J levels have different energies and we illustrate their 
importance when we discuss magnetic properties (see 
Figure 21.26). In inorganic chemistry, it is often sufficient 
to write the term symbol without the J value, and refer 
simply to a °S* DZ term as in the ns? and ns'n's' examples 
that we described earlier. 


Ground states of elements with 1-10 

In this section, we look in detail at the electronic ground 
states of atoms with Z = 1 to 10. This allows you to practise 
writing tables of microstates, placing the microstates in 
groups so as to designate terms, and finally assigning 
ground or excited states. An understanding of this process 
is essential before we can proceed to a discussion of elec- 
tronic spectroscopy. An important point to note is that 
only electrons in open (incompletely filled) shells (e.g. ns’, 
np’, nd*) contribute to the term symbol. 

When constructing tables of microstates, it is all too easy 
to write down a duplicate set, or to miss a microstate. The 
ns and ns'n'p' examples above are relatively simple, but 
for other systems, it is useful to follow a set of guidelines. 
Book-keeping of microstates is extremely important, if 
extremely tedious! 


Follow these ‘rules’ when constructing a table of microstates: 


1. Write down the electron configuration (e.g. d°). 

2. Ignore closed shell configurations (e.g. ns’, np°, nd'°) as 
these will always give a !Sọ term. This is totally symmetric 
and makes no contribution to the angular momentum. 

3. Determine the number of microstates: for x electrons in a 
sub-level of (2/ + 1) orbitals, this is given by:’ 


{2(2/ + 1)}! 
SAU GE 1) = xy! 


4. Tabulate microstates by m; and m,, and sum to give Mz 
and Ms on each row. Check that the number of 
microstates in the table is the same as that expected 
from rule (3). 

5. Collect the microstates into groups based on values of 
M,. 


The ! sign means factorial: x! = x x (x—1) x (x—2)...* 1 


Hydrogen ( =1) 
The electronic configuration for an H atom in its ground 
state is 1s'. For one electron in an s orbital (/ = 0): 

{2(2/ + 1)}! 2! 


Number of microstates = OORSIEN = ix ll =2 


The table of microstates is as follows: 


m= 0 ML = xm, Ms = im, 


NIH N= 
NI 


bios 


Since S = 5, the multiplicity of the term, (25+ 1), is 2 (a 
doublet term). Since L = 0, this is a 2S term. To determine 
J, look at the values: use J = (L + S$), (L + S- 1)... 
|L — S|. The only possible value of J is 5, so the complete 
term symbol for the H atom is 7S, Jz 


Helium ( =2) 
The electronic configuration of a ground state He atom is 
1s? (J = 0) and hence the table of microstates is like that 
in Table 21.4: 


m, = 0 m = 0 


}i=0,5=0 


Since M; = 0 and Ms = 0, it follows that L = 0 and S = 0. 
The only value of J is 0, and so the term symbol is ' Sp. 


Lithium =3) 

Atomic Li has the ground state electronic configuration 
1s?2s'. Since only the 2s' configuration contributes to the 
term symbol, the term symbol for Li is the same as that for 
H (both in their ground states): 7S; Jz 


Beryllium ( = 4) 

The ground state electronic configuration of Be is 13°23, 
and contains only closed configurations. Therefore, the 
term symbol for the ground state of Be is like that of 
He: 'Sp. 


Boron ( =5) 

When we consider boron (1s72s*2p'), a new complication 
arises. Only the 2p' configuration contributes to the term 
symbol, but because there are three distinct p orbitals 
(m, = +1, 0 or -1), the p! configuration cannot be repre- 
sented by a unique term symbol. For one electron in a p 
orbital (/ = 1): 

{2(2/ + 1)}! 6! 


Number of microstates = x27 + 1) — a}! = x5! =6 
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A table of microstates for the 2p! configuration is as follows: 


m, = +1 m, = 0 m = —1 ML Ms 


—* 
+ 
t 


L=1,S= 


NI 


— 
| 

= 
T 


L= 1,8 = 


a 
— 
NR NIK RIF n= VIR NI 
Nie 


ei, 
| 


The microstates fall into two sets with Mz = +1, 0,-1, and 
therefore with L = 1 (a P term); S = 5 and so (2S+1) = 2 
(a doublet term). J can take values (L + S$), (L + S-1)... 
|L — S|, and so J = 3 or }. The term symbol for boron may 
be *P 3/2 or *P i: 

Providing that Russell-Saunders coupling holds, the rela- 
tive energies of the terms for a given configuration can be 
found by stating Hund’s rules in a formal way: 


For the relative energies of terms for a given electronic 
configuration: 


1. The term with the highest spin multiplicity has the lowest 
energy. 

2. If two or more terms have the same multiplicity (e.g. °F 
and ? P), the term having the highest value of L has the 
lowest energy (e.g. °F is lower than °P). 

3. For terms having the same multiplicity and the same 
values of L (e.g. °Po and *P), the level with the lowest 
value of Jis the lowest in energy if the sub-level is less than 
half-filled (e.g. p°), and the level with the highest value of J 
is the more stable if the sub-level is more than half-filled 
(e.g. p*). If the level is half-filled with maximum spin 
multiplicity (e.g. p? with S = 3), L must be zero, and J = S. 


For boron, there are two terms to consider: Pan or ŽP, I2 
These are both doublet terms, and both have L = 1. For 
the p' configuration, the p level is less than half-filled, and 
therefore the ground state level is the one with the lower 
value of J, i.e. Pin. 


Carbon ( =6) 

The electron configuration of carbon is 1s?2s?2p*, but 
only the 2p (/ = 1) configuration contributes to the term 
symbol: 


{2(21 + 1)}! 6! 


ABF Da xa > 


Number of microstates = 


The table of microstates for a p° configuration is given in 
Table 21.6. The microstates have been grouped according 
to values of M; and Ms; remember that values of L and S 
are derived by looking for sets of Mz and Ms values: 


b= Te Win oT ak 
S, (S- 1), ... S- 1), -S 


Allowed values of M; : 
Allowed values of Ms : 
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Table 21.6 Table of microstates for a p” configuration; an elec- 
tron with m, = +4is denoted as f, and an electron with m, = —4 


2 
by |. 


m, = +1 m, = 0 mı = —1 M Ms 
TL 2 0 
i | 1 0 
J 0 0 L=2,S=0 
T | =I 0 
| 2 0 
T 1 1 
0 1 
T i zj 1 
I 1 0 
1 0 0 L=1,S=1 
-1 0 
| | 1 = 
| 0 -| 
| | zj =i 
0 0 |}r=0,5=0 


There is no means of telling which entry with M; = 0 and 
Ms = 0 should be assigned to which term (or similarly, 
how entries with M; = 1 and Ms = 0, or M; = -l and 
Ms = 0 should be assigned). Indeed, it is not meaningful to 
do so. Term symbols are now assigned as follows: 


e L=2,S = 0 gives the singlet term, 'D; J can take values 
(L + S), (L + S-1)...|L-— S|, so only J = 2 is possible; 
the term symbol is 1D». 

e L = 1, S = 1 corresponds to a triplet term; possible 
values of J are 2, 1, 0 giving the terms 3P,, 3P, and 3Po. 

e L = 0, S = 0 corresponds to a singlet term, and only 
J = 0 is possible; the term symbol is 'Sp. 


The predicted energy ordering (from the rules above) is *Py < 
3P, < °P, < ID, < 'So, and the ground state is the 3 Po term. 


itrogen to neon ( = 7-10) 

A similar treatment for the nitrogen atom shows that the 2p° 
configuration gives rise to +S, 7P and 7D terms. For the 2p* 
configuration (oxygen), we introduce a useful simplification 
by considering the 2p* case in terms of microstates arising 
from two positrons. This follows from the fact that a positron 
has the same spin and angular momentum properties as an elec- 
tron, and differs only in charge. Hence, the terms arising from 
the np* and np” configurations are the same. Similarly, np? is 
equivalent to np'. This positron or positive hole concept is 
very useful and we shall later extend it to nd configurations. 


Self-study exercises 


1. Show that the terms for the 3s73p” configuration of Si are 'D5, 
3P, P4, *Po and ‘So, and that the ground term is 3P». 


2. Show that the ground term for the 2s?2p° configuration of an F 
atom is 7P3 Jz 


3. Confirm that a p° configuration has 20 possible microstates. 
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4. Show that the 2s72p3 configuration of nitrogen leads to 4S, °D 
and °P terms, and that the ground term is 45, 5/26 


he ? configuration 


+ 


Finally in this section, we move to d electron configurations. 
With / = 2, and up to 10 electrons, tables of microstates soon 


Table 21.7 Table of microstates for a d configuration; an electron with m, = + 5 is denoted as f, and an electron with m, = —5 


become large. We consider only the d? configuration for 
which: 
{2(2/ + 1)}! 10! 


Number of microstates = 227 + 1) — xy! = Tx Bl = 


45 


Table 21.7 shows the 45 microstates which have been 
arranged according to values of M; and Ms. Once again, 
remember that for microstates such as those with Mz = 0 
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and Ms = 0, there is no means of telling which entry should 
be assigned to which term. The terms arising from the micro- 
states in Table 21.7 are determined as follows: 


e L = 3,S = 1 givesa 3F term with J values of 4, 3 or 2 
CFs, °F, °F); 

e L=4,S = 0 gives a 'G term with only J = 4 possible 
CG4); 

e L= 2, S = 0 gives a 'D term with only J = 2 possible 
CD); 

e L=1,S = l givesa 3P term with J values of 2, 1 or 0 
(Po, *P1, ° Po); 

e L= 0, S = 0 gives a 'S term with only J = 0 possible 
CS0). 


The relative energies of these terms are determined by 
considering Hund’s rules. The terms with the highest spin 
multiplicity are the `F and *P, and of these, the term with 
higher value of L has the lower energy. Therefore, °F is the 
ground term. The remaining terms are all singlets and so 
their relative energies depend on the values of L. Hund’s 
rules therefore predict the energy ordering of the terms for 
a d configuration to be °F < °P < 'G < 'D < !S. 

The d configuration is less than a half-filled level and so, if 
we include the J values, a more detailed description of the 
predicted ordering of the terms is `F» < °F; < °F} < *Py < 
3P, < 3Py <!'G4 < !'Da < !So. We return to this ordering 
when we discuss Racah parameters in Section 21.7, and 
magnetism (see Figure 21.24). 


Self-study exercises 


Further explanations for the answers can be found by reading 
Section 21.6. 


1. Set up a table of microstates for a d' configuration and show 
that the term symbol is °D, and that the ground term is D3). 


2. Explain why a value of S = 1 corresponds to a triplet state. 


3. The terms for a d? configuration are 1D, 3F,'G, 3P and 'S. 
Which is the ground state term? Rationalize your answer. 


4. Explain why a d° configuration has the same ground state term 
as a d' configuration. 


5. Set up a table of microstates for a d? configuration, considering 
only those microstates with the highest possible spin multipli- 
city (the weak field limit). Show that the term symbol for the 
ground term is °Ss Jz 


21.7 lectronic spectra 


Spectral features 


A characteristic feature of many d-block metal complexes is 
their colours, which arise because they absorb light in the 
visible region (see Figure 21.4). Studies of electronic spectra 
of metal complexes provide information about structure 
and bonding, although interpretation of the spectra is not 
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always straightforward. Absorptions arise from transitions 
between electronic energy levels: 


e transitions between metal-centred orbitals possessing 
d-character (‘d-d’ transitions); 

e transitions between metal- and ligand-centred MOs 
which transfer charge from metal to ligand or ligand to 
metal (charge transfer bands). 


Absorption bands in the electronic spectra of d-block metal 
compounds are usually broad. The broadness is a conse- 
quence of the Franck—Condon approximation which states 
that electronic transitions are very much faster than 
nuclear motion (because nuclear mass is far greater than 
electron mass). The absorption of a photon of light occurs 
at +10 '%s whereas molecular vibrations and rotations 
occur much more slowly. As molecules are vibrating, an elec- 
tronic transition is essentially a snapshot at a particular set of 
internuclear distances. It follows that the electronic spectrum 
will record a range of energies. Absorption bands are 
described in terms of Amax Corresponding to the absorption 
maximum AÁmax (Figure 21.16). The wavelength, Ajax, 1s 
usually given in nm, but the position of the absorption 
may also be reported in terms of wavenumbers, 7 (cm™'). 
The molar extinction coefficient (or molar absorptivity) 
Emax Of an absorption must also be quoted; £max indicates 
how intense an absorption is and is related to Amax by equa- 
tion 21.12 where c is the concentration of the solution and £ is 
the pathlength (in cm) of the spectrometer cell. 


Amas 


a 21.12 
cxl ( ) 


š 3 = = 
Enar = (Emax in dm° mol l cm 1 


Values of éma, range from close to zero (a very weak absorp- 
tion) to >10 000 dm? mol”! cm™! (an intense absorption). 


E l g 

A @ 
400 nm corresponds to 25 000 cm™!; 200 nm corresponds to 
50000cm™!. 


Absorbance 
be: 
8 
g 


> 
A Wavelength 


Fig. 21.16 Absorptions in the electronic spectrum of a 
molecule or molecular ion are often broad, and cover a range 
of wavelengths. The absorption is characterized by values of 
Amax and Emax (see equation 21.12). 


Some important points (for which explanations will be 
given later in the section) are that the electronic spectra of: 


e d!, dt, dê and d° complexes consist of one broad 
absorption; 

e d°, d?, d’ and d? complexes consist of three broad 
absorptions; 

e d° complexes consist of a series of very weak, relatively 
sharp absorptions. 


Charge transfer absorptions 


In Section 17.4, we introduced charge transfer bands in the 
context of their appearance in the UV region of the spectra 
of halogen-containing charge transfer complexes. In metal 
complexes, intense absorptions (typically in the UV or 
visible part of the electronic spectrum) may arise from 
ligand-centred n—n* or m- 7* transitions, or from the transfer 
of electronic charge between ligand and metal orbitals. The 
latter fall into two categories: 


e transfer of an electron from an orbital with primarily 
ligand character to one with primarily metal character 
(ligand-to-metal charge transfer, LMCT). 

e transfer of an electron from an orbital with primarily 
metal character to one with primarily ligand character 
(metal-to-ligand charge transfer, MLCT). 


Charge transfer transitions are not restricted by the selection 
rules that govern ‘d-d’ transitions (see later). The probability 
of these electronic transitions is therefore high, and the 
absorption bands are therefore intense (Table 21.8). 

Since electron transfer from metal to ligand corresponds 
to metal oxidation and ligand reduction, an MLCT transi- 
tion occurs when a ligand that is easily reduced is bound to 
a metal centre that is readily oxidized. Conversely, LMCT 
occurs when a ligand that is easily oxidized is bound to a 
metal centre (usually one in a high oxidation state) that is 
readily reduced. There is, therefore, a correlation between 
the energies of charge transfer absorptions and the electro- 
chemical properties of metals and ligands. 

Ligand-to-metal charge transfer may give rise to absorp- 
tions in the UV or visible region of the electronic spectrum. 
One of the most well-known examples is observed for 
KMnO,. The deep purple colour of aqueous solutions of 
KMn0O, arises from an intense LMCT absorption in the 
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Fig. 21.17 Part of the electronic spectrum of an aqueous 
solution of KMnOx,. Both absorptions arise from LMCT, but it 
is the band at 528 nm that gives rise to observed purple colour. 
Very dilute solutions (here, 1.55 x 10° mol dm ) must be used 
so that the absorptions remain within the absorption scale. 


visible part of the spectrum (Figure 21.17). This transition 
corresponds to the promotion of an electron from an orbital 
that is mainly oxygen lone pair in character to a low-lying, 
mainly Mn-centred orbital. The following series of complexes 
illustrate the effects of the metal, ligand and oxidation state of 
the metal on the position (Amax) of the LMCT band: 


[MnO,] (528 nm), [TcO,]” (286 nm), [ReOg]” (227 nm); 
[CrO4 (373 nm), [MoO,} (225 nm), [W04] (199 nm); 
[FeCl4] (220 nm), [FeBr4] (244 nm); 

[OsCl,]* (282 nm), [OsC16] (370 nm). 


Across the first two series above, the LMCT band moves to 
lower wavelength (higher energy) as the metal centre 
becomes harder to reduce (see Figure 23.14). The values of 
the absorption maxima for [FeX,]” with different halo- 
ligands illustrate a shift to longer wavelength (lower 
energy) as the ligand becomes easier to oxidize (T easier 
than Br, easier than Cl). Finally, a comparison of two 
osmium complexes that differ only in the oxidation state of 
the metal centre illustrates that the observed ordering of 
the Amax values is consistent with Os(IV) being easier to 
reduce than Os(III). 

Metal-to-ligand charge transfer typically occurs when the 
ligand has a vacant, low-lying 1* orbital, for example, CO (see 
Figure 2.14), py, bpy, phen and other heterocyclic, aromatic 


Table 21.8 Typical £max values for electronic absorptions; a large £max corresponds to an intense absorption and, if the absorption is 


in the visible region, a highly coloured complex. 


Type of transition 


Spin-forbidden ‘d-d’ <l 
Laporte-forbidden, spin-allowed ‘d-d? 1-10 
10-1000 


Charge transfer (fully allowed) 1000-50 000 


Typical Emax / dm? mol! cm™! Example 


[Mn(OH))¢|°" (high-spin d°) 

Centrosymmetric complexes, e.g. [Ti(OH2)¢]** (d') 
Non-centrosymmetric complexes, e.g. [NiCl4]?~ 
[MnO] 
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ligands. Often, the associated absorption occurs in the UV 
region of the spectrum and is not responsible for producing 
intensely coloured species. In addition, for ligands where a 
ligand-centred 7*—7z transition is possible (e.g. heterocyclic 
aromatics such as bpy), the MLCT band may be obscured by 
the 7*<-7 absorption. For [Fe(bpy)3]?~ and [Ru(bpy)3}*, 
the MLCT bands appear in the visible region at 520 and 
452 nm, respectively. These are both metal(II) complexes, 
and the metal d-orbitals are relatively close in energy to 
the ligand 7* orbitals, giving rise to an MLCT absorption 
energy corresponding to the visible part of the spectrum. 


Self-study exercises 


1. Explain why aqueous solutions of [MnO,] are purple whereas 
those of [ReO4] are colourless. 


2. Explain the origin of an absorption at 510 nm (e = 11 000 dm? 
mol! cm‘) in the electronic spectrum of [Fe(phen)3|”* (phen, 
see Table 7.7). 


Selection rules 


As we saw in Section 21.6, electronic energy levels are 
labelled with term symbols. For the most part, we shall use 
the simplified form of these labels, omitting the J states. 
Thus, the term symbol is written in the general form: 


L=0 Sterm 
Multiplicity L=1 Pterm 
of the term ~~ @S+1)p ——< L=2 Dterm 
L=3 Fterm 
L=4 Gterm 


Electronic transitions between energy levels obey the following 
selection rules. 


Spin selection rule: AS = 


Transitions may occur from singlet to singlet, or from triplet 
to triplet states, and so on, but a change in spin multiplicity is 
forbidden. 


Laporte selection rule: There must be a change in parity: 


allowed transitions: gou 


forbidden transitions: geg u= u 


This leads to the selection rule: 
AI = ael 


and, thus, allowed transitions are s — p, p — d, d — f; 
forbidden transitions are s — s, p— p, d — d, f — f, 
s — d, p — f etc. 
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Since these selection rules must be strictly obeyed, why do 
many d-block metal complexes exhibit ‘d-d’ bands in their 
electronic spectra? 

A spin-forbidden transition becomes ‘allowed’ if, for 
example, a singlet state mixes to some extent with a triplet 
state. This is possible by spin-orbit coupling (see Section 
21.6) but for first row metals, the degree of mixing is small 
and so bands associated with ‘spin-forbidden’ transitions 
are very weak (Table 21.8). Spin-allowed ‘d-d’ transitions 
remain Laporte-forbidden and their observation is explained 
by a mechanism called ‘vibronic coupling’. An octahedral 
complex possesses a centre of symmetry, but molecular 
vibrations result in its temporary loss. At an instant when 
the molecule does not possess a centre of symmetry, mixing 
of dand p orbitals can occur. Since the lifetime of the vibra- 
tion (+103 s) is longer than that of an electronic transition 
(=107!8s), a ‘d-d’ transition involving an orbital of mixed 
pd character can occur although the absorption is still 
relatively weak (Table 21.8). In a molecule which is non- 
centrosymmetric (e.g. tetrahedral), p-d mixing can occur to 
a greater extent and so the probability of ‘dd’ transitions 
is greater than in a centrosymmetric complex. This leads to 
tetrahedral complexes being more intensely coloured than 
octahedral complexes. 


Worked example 21.3 Spin-allowed and spin- 


forbidden transitions 


Explain why an electronic transition for high-spin 
[Mn(OH,),|** is spin-forbidden, but for (Co(OH,),|** is 
spin-allowed. 


[Mn(OH,)¢]** is high-spin d? Mn(II): 


+4 
+t. 


A transition from a t to e, orbital is impossible without 
breaking the spin selection rule: AS = 0, which means that 
S must remain the same. 

[Co(OH})¢|** is a high-spin d” Co(II) complex: 


A transition from a f to e, orbital can occur without 
violating the spin selection rule. 
NB: Transitions in both complexes are Laporte-forbidden. 


Self-study exercises 


1. Write down the spin selection rule. [Ans. See text] 


2. What is the d" configuration and the spin multiplicity of the 
ground state of (a) a Ti** and (b) a V** ion? 
[Ans. (a) d 1, doublet; (b) d 2, triplet] 


3. Why is a transition from a f», to an e, orbital spin allowed in 
[V(OH),)>*? [Ans. Triplet to triplet; see question 1] 


lectronic spectra of octahedral and 
tetrahedral complexes 


Electronic spectroscopy is a complicated topic and we shall 
restrict our discussion to high-spin complexes. This corre- 
sponds to the weak field limit. We begin with the electronic 
spectrum of an octahedral d! ion, exemplified by 
[Ti(OH),°*. The spectrum of [Ti(OH),]** (Figure 21.4) 
exhibits one broad band. However, close inspection shows 
the presence of a shoulder indicating that the absorption is 
actually two closely spaced bands (see below). The term 
symbol for the ground state of Ti** (d', one electron with 
Ls? 5 = 5) is 7D. In an octahedral field, this is split into 
ee and "E terms separated by an energy A,,,. More gener- 
ally, it can be shown from group theory that, in an octahedral 
or tetrahedral field, D, F, G, H and Z, but not S and P, terms 
split. (Lanthanoid metal ions provide examples of ground 
state H and J terms: see Table 25.3.) 


Term Components in an octahedral field 

S Aig 

P Tig 

D Togt Eg 

F Ag + Tog + Tig 

G Aig + Eg + To + Tig 

H Ez + Tig + Tig + Tre 

I Aig + Aag + Eg + Tig + Tog + Tog 


Similar splittings occur in a tetrahedral field, but the g labels 
are no longer applicable. 


The splittings arise because the S, P, D, F, G, H and J terms 
refer to a degenerate set of d orbitals. In an octahedral field, 
this splits into the fo, and e, sets of orbitals (Figure 21.2). For 
the d' ion, there are therefore two possible configurations: 
tag €g? OF bg eg, and these give rise to the 77>, (ground 
state) and "Ey (excited state) terms. The energy separation 
between these states increases with increasing field strength 
(Figure 21.18). The electronic spectrum of Ti** arises from 
a transition from the 75, to the E, level; the energy of the 
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Energy 


2D 


Increasing A 


oct 


Fig. 21.18 Energy level diagram for a d! ion in an octahedral 
field. 


transition depends on the field strength of the ligands in 
the octahedral Ti(III) complex. The observation that the 
electronic spectrum of [Ti(OH).]** (Figure 21.4) consists 
of two bands, rather than one, can be rationalized in terms 
of a Jahn—Teller effect in the excited state, tag eg". Single 
occupancy of the e, level results in a lowering of the degen- 
eracy, although the resultant energy separation between the 
two orbitals is small. A corresponding effect in the fy, set is 
even smaller and can be ignored. Hence, two transitions 
from ground to excited state are possible. These are close 
in energy and the spectrum exhibits two absorptions which 
are of similar wavelength. 

For the d° configuration (e.g. Cu**) in an octahedral field 
(actually, a rare occurrence because of Jahn-Teller effects 
which lower the symmetry), the ground state of the free 
ion ÊD) is again split into 3 Tə; and E, terms, but, in 
contrast to the d! ion (Figure 21.18), the "E, term is lower 
than the Tog term. The d? and d! configurations are 
related by a positive hole concept: d° is derived from a d!° 
configuration by replacing one electron by a positive hole; 
thus, whereas the d | configuration contains one electron, 
d? contains one ‘hole’ (see Section 21.6). For a d? ion in 
an octahedral field, the splitting diagram is an inversion of 
that for the octahedral d' ion. This relationship is shown 
in Figure 21.19 (an Orgel diagram) where the right-hand 
side describes the octahedral d! case and the left-hand side 
describes the octahedral d° ion. 

Just as there is a relationship between the d! and d° 
configurations, there is a similar relationship between the 
df and dî configurations. Further, we can relate the four 
configurations in an octahedral field as follows. In the 
weak-field limit, a dř ion is high-spin and spherically 
symmetric, and in this latter regard, d°, d? and d'° config- 
urations are analogous. Addition of one electron to the 
high-spin d° ion to give a d° configuration mimics going 
from a d’ to d! configuration. Likewise, going from d’ to 
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Energy 


E, o E 
g 


d',d® tetrahedral 
dt, d? octahedral 


Fig. 21.19 Orgel diagram for d', d* (high-spin), d° (high- 
spin) and d° ions in octahedral (for which T>, and E, labels 
are relevant) and tetrahedral (E and T, labels) fields. “In 
contrast to Figure 21.18, multiplicities are not stated because 
they depend on the d” configuration: 


d!, d6 octahedral 
d’, d? tetrahedral 


d* by adding a positive hole mimics going from d° to d°. 
The result is that the Orgel diagrams for octahedral d' 
and d ions are the same, as are the diagrams for octahedral 
d’ and d° (Figure 21.19). 

Figure 21.19 also shows that the diagram for a d! or d° ion 
is inverted by going from an octahedral to tetrahedral field. 
Because the Orgel diagram uses a single representation for 
octahedral and tetrahedral fields, it is not possible to indicate 
that Aiet = $ Aoct: Tetrahedral df and df ions can also be 
represented on the same Orgel diagram. 

Finally, Figure 21.19 shows that for each of the octahedral 
and tetrahedral d l d’, d° and d? ions, only one electronic 
transition (see Box 21.2) from a ground to excited state is 
possible: 


e for octahedral d! and d°, the transition is E; — Trg 
e for octahedral d* and d°, the transition is Toy — E; 


Table 21.9 A shorthand table of microstates for a d? 
considered, and each electron has m, = 
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e for tetrahedral d! and d°, the transition is Tə — E 
e for tetrahedral d* and d’, the transition is E — T, 


Each transition is spin-allowed (no change in total spin, S) 
and the electronic spectrum of each ion exhibits one 
absorption. For sake of completeness, the notation for the 
transitions given above should include spin multiplicities, 
2S + 1, e.g. for octahedral d', the fonga E E, — Eon 
and for high-spin, octahedral d* it is Tg — E.. 

In an analogous manner to grouping d', dt, df and d’ 
ions, we can consider together d? ; a, d’ and dË ions in 
octahedral and tetrahedral fields. In order to discuss the 
electronic spectra of these ions, the terms that arise from 
the @ configuration must be known. In an absorption spec- 
trum, we are concerned with electronic transitions from the 
ground state to one or more excited states. Transitions are 
possible from one excited state to another, but their prob- 
ability is so low that they can be ignored. Two points are 
particularly important: 


e selection rules restrict electronic transitions to those 
between terms with the same multiplicity; 

e the ground state will be a term with the highest spin multi- 
plicity (Hund’s rules, see Section 21.6). 


In order to work out the terms for the @ configuration, a 
table of microstates (Table 21.7) must be constructed. 
However, for interpreting electronic spectra, we need 
concern ourselves only with the terms of maximum spin 
multiplicity. This corresponds to a weak field limit. For the 
d’ ion, we therefore focus on the °F and °P (triplet) terms. 
These are summarized in Table 21.9, with the corresponding 
microstates represented only in terms of electrons with m, 
= +5. It follows from the rules given in Section 21.6 that 
the °F term is expected to be lower in energy than the 
3P term. In an octahedral field, the 3P term does not split, 
and is labelled Tis The °F term splits into Tig Tog 
and ° Aag terms. The îTig(F) term corresponds to a fg” €? 
arrangement and is triply degenerate because there are 
three ways of placing two electrons (with parallel spins) 


configuration; only a high-spin case (weak field limit). is 


+41. The microstates are grouped so as to show the derivation of the °F 


and °P terms. Table 21.7 provides the complete table of microstates for a d? ion. 


m; = +2 m, = +1 m = 0 mı = 
T T 
il ii 
T T 
t 
T 
1 
1 
T T 
T T 


= —2 ML 


0 F (L = 3) 


>> 
| 
N 


0 3P (L = 1) 


Ba A A,, or A, 
o 
E Tig or T, Tig or T, 
Tig or Ty Ty, r T, 
Ta or T, 
T,, or T 
A,, or A, 
< : > 


A 0 A 
d*, d” octahedral 
d?, dÈ tetrahedral 


d?, d” tetrahedral 

d?, d8 octahedral 
Fig. 21.20 Orgel diagram for d°, d°, d’ and d? ions (high- 
spin) in octahedral (for which Tig, Tog and A, labels are 
relevant) and tetrahedral (T,, T> and A, labels) fields. 
Multiplicities are not stated because they depend on the d” 


configuration, e.g. for the octahedral d? ion, "Tips ? Tog and 
: Ap, labels are appropriate. 


in any two of the d,,, d,- and dy- orbitals. The ° Aag term 
corresponds to bg eg” arrangement (singly degenerate). 
The ° Tog and 37 1,(P) terms equate with a bg By 
configuration; the lower energy ° Tog term arises from 
placing two electrons in orbitals lying in mutually perpendi- 
cular planes, e.g. (da) (d2)', while the higher energy 
>Ty(P) term arises from placing two electrons in orbitals 
lying in the same plane e.g. (dyy)' (de p)". The energies of 
the Tey een 3 Ang and `Tie(P) terms are shown on the 
right-hand side of Figure 21.20; note the effect of increasing 
field strength. Starting from this diagram and using the same 
arguments as for the d', df, df and d? ions, we can derive the 
complete Orgel diagram shown in Figure 21.20. At increased 
field strengths, the lines describing the T\,(F) and 7\,(P) 
terms (or T}, depending on whether we are dealing with octa- 
hedral or tetrahedral cases) curve away from one another; 
there is interaction between terms of the same symmetry 
and they are not allowed to cross (the non-crossing rule). 
From Figure 21.20, we can see why three absorptions are 
observed in the electronic spectra of d 2 d? Jd 7 and d? octa- 
hedral and tetrahedral complexes. The transitions are from 
the ground to excited states, and are all spin-allowed, e.g. 
for an octahedral d° ion, the allowed transitions are 4T. 2g — 
“Ang, “Tig F) — “Ang and *Ti¢(P) — Ag. Figure 21.21 illus- 
trates spectra for octahedral nickel(II) (d*) complexes. 

For the high-spin d? configuration, all transitions are spin- 
forbidden and ‘d-d’ transitions that are observed are between 
the °S ground state and quartet states (three unpaired 
electrons). Associated absorptions are extremely weak. 
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[Ni(OH,),?°* 


A 


© 


Molar absorptivity, ¢/dm? mol“! cm~! 
o0 


0 T T T T T 
10 000 15 000 20 000 25 000 30 000 
D/cm™! 
Fig. 21.21 Electronic spectra of [Ni(OH;)s] t 
(0.101 moldm™’°) and [Ni(NH;3)6] + (0.315 mol dm™° in 
aqueous NH; solution) showing three absorption bands. 
Values of the molar absorptivity, £, are related to absorbance 
by the Beer-Lambert law (equation 21.12). [This figure is 
based on data provided by Christian Reber; see: M. Triest, 
G. Bussière, H. Bélisle and C. Reber (2000) J. Chem. Ed., 
vol. 77, p. 670; http://jchemed.chem.wisc.edu/JCEWWW/ 
Articles/JCENi/JCENi.html] 


Worked example 21.4 Electronic spectra 


The electronic spectrum of an aqueous solution of [Ni(en);]** 
exhibits broad absorptions with Amax ~ 325, 550 and 900 nm. 
(a) Suggest assignments for the electronic transitions. (b) 
Which bands are in the visible region? 


(a) [Ni(en);]°* is a Ni(II), d? complex. From the Orgel 
diagram in Figure 21.20 the three transitions can be assigned; 
lowest wavelength corresponds to highest energy transition: 


900 nm assigned to Ts, — ° Aag 

550 nm assigned to 37, ,(F) — 3A, 

325 nm assigned to °T1,(P) - 3 Aag 

(b) Visible region spans ~400-750 nm, so only the 550 nm 
absorption falls in this range (see Table 20.2). 


Self-study exercises 


1. Of the three absorptions in [Ni(en)3]|”*, which is closest to the 
UV end of the spectrum? [Ans. Look at Appendix 4] 


2. Does the notation °T. 2g — TAg indicate an absorption or an 
emission band? [Ans. Look at Box 21.2] 


3. Why are the three transitions for [Ni(en)3]** (a) spin-allowed, 
and (b) Laporte-forbidden? 
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Interpretation of electronic spectra: use of 
Racah parameters 


For a d' configuration, the energy of the absorption band 
in an electronic spectrum gives a direct measure of Age. 
Figure 21.22a shows the splitting of the 7D term in an octa- 
hedral field into the Tz and E, levels, the difference in energy 
being Ao. The dependence of this splitting on the ligand 
field strength is represented in the Orgel diagram in 
Figure 21.18. For electron configurations other than d', 
the situation is more complicated. For example, from 
Figure 21.20, we expect the electronic spectrum of an octa- 
hedral d’, d°, d” or d? ion to consist of three absorptions 
arising from d-d transitions. How do we determine a value 
of Aoct from such a spectrum? For a given electron config- 
uration, the energies of the terms are given by equations 
involving Racah parameters (A, B and C) which allow for 
electron—electron repulsions. These parameters are used in 
addition to Aoct to quantify the description of the spectrum. 
For example, the 3F, °P, 'G, 1D and !S terms arise from a d? 
configuration, and their energies are as follows: 


Energy of 'S = A + 14B + 7C 
Energy of 'D = A-3B + 2C 
Energy of 'G = A + 4B + 2C 


Energy of °P = A + 7B 
Energy of °F = A -8B 


Energy 


Energy 


(a) (b) 


Fig. 21.22 (a) Splitting in an octahedral field of the (a) °D 
term arising from a d' configuration, and (b) °F term arising 
from a d° configuration. The °P term for the d° configuration 
does not split. The diagram applies only to the weak field limit. 
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The actual energies of the terms can be determined spectro- 
scopically’ and the ordering is found to be °F < 'D < °P < 
IG < 'S. (Compare this with a predicted ordering from 
Hund’s rules of `F < °P < 'G < 'D < 'S: see Section 
21.6.) Racah parameters for a given system can be evaluated 
using the above equations. The values of the parameters 
depend on ion size (B and C become larger with decreasing 
ionic radius), and usually, the ratio C/B ~ 4. From the equa- 
tions above, the energy difference between the terms of 
maximum spin multiplicity, `P and °F, requires the use only 
of the Racah parameter B. This is true for P and F terms of 
a common multiplicity arising from other d” configurations 
(equation 21.13). 


Energy difference between 
P and F terms = (A + 7B)- (A - 8B) 


= 15B (21.13) 


Now let us look in detail at the analysis of an electronic spec- 
trum for a d° ion in an octahedral field (weak field ligands). 
We have already seen that there are three possible transitions 
from the ground state: Toz — TAF), >T(P) — °T (PF) 
and °A — ?Ti(F) (Figure 21.20). Figure 21.22b shows the 
splitting of the °F term, and how the energy separations of 
the Tig, Tog and A, levels are related to A, . There is, 
however, a complication. Figure 21.22b ignores the influence 
of the °P term which lies above the °F. As we have already 
noted, terms of the same symmetry (e.g. T),(F) and 7\,(P)) 
interact, and this causes the ‘bending’ of the lines in the 
Orgel diagram in Figure 21.20. Hence, a perturbation, x, 
has to be added to the energy level diagram in Figure 
21.22b, and this is represented in Figure 21.23a. From equa- 
tion 21.13, the energy separation of the °P and °F terms is 
15B. The energies of the °Tos — *Tig(F), ?Tie(P) — ?Tie(F) 
and Aog — >T, (F) transitions can be written in terms of 
Aoet, B and x. Provided that all three absorptions are observed 
in the spectrum, Aoc, B and x can be determined. Unfortu- 
nately, one or more absorptions may be hidden under a 
charge transfer band, and in the next section, we describe an 
alternative strategy for obtaining values of Aoct and B. 

Figure 21.23b shows the splitting of terms for a Ë config- 
uration (again, for a limiting weak field case). The initial 
splitting of the ÍF term is the inverse of that for the °F 
term in Figure 21.23a (see Figure 21.20 and related discus- 
sion). Mixing of the “Ti AF) and “T1(P) terms results in 
the perturbation x shown in the figure. After taking this 
into account, the energies of the en — tA “T1(F) — 
“Are and Ti lP) — “Ang transitions are written in terms 
of Aoc, B and x. Once again, provided that all three 
bands are observed in the electron spectrum, these para- 
meters can be determined. 


* Note that this involves the observation of transitions involving both 
triplet and singlet states. 


0.6 Ager + 15B + 2x 


1.8 Aget +X 


0.8 Ager +X 


Energy 


Ro eee aes a: 
0.6 Aces 1.2 Ager + 1SB +x 
a 
1.8 Acct —x 
Aoct 
| Fs: EENE Y. 


(b) 


Fig. 21.23 Splitting in an octahedral field of (a) the °F and °P terms arising from a d? configuration, and (b) the *F and *P terms 
arising from a d? configuration. The initial splitting of the energy levels for the d?” ion follows from Figure 21.22b, and the splitting 
for the d? configuration is the inverse of this; x is the energy perturbation caused by mixing of the T,,(F) and T,,(P) terms. The three 
energy separations marked on the right-hand side of each diagram can be related to energies of transitions observed in electronic 
spectra of d° and d° ions. B is a Racah parameter (see equation 21.13). The diagram applies only to the weak field limit. 


668 Chapter 21 e 


The energy level diagram in Figure 21.23a describes not 
only an octahedral d? configuration, but also an octahedral 
d’, a tetrahedral d? and a tetrahedral d’ (with appropriate 
changes to the multiplicities of the term symbols). Similarly, 
Figure 21.23b describes octahedral d? and dË, and tetra- 
hedral d? and d’ configurations. 

It must be stressed that the above procedure works only for 
the limiting case in which the field strength is very weak. It 
cannot, therefore, be applied widely for the determination 
of Aoc and B for d-block metal complexes. Further develop- 
ment of this method is beyond the scope of this book,’ 
and a more general approach is the use of Tanabe- 
Sugano diagrams. 


Interpretation of electronic spectra: 
Tanabe—Sugano diagrams 


A more advanced treatment of the energies of electronic 
states is found in Tanabe—Sugano diagrams. The energy of 
the ground state is taken to be zero for all field strengths, 
and the energies of all other terms and their components 
are plotted with respect to the ground term. If there is a 
change in ground term as the field strength increases, a 
discontinuity appears in the diagram. Figure 21.24 shows 
the Tanabe-Sugano diagram for the d? configuration in an 
octahedral field. Notice that the energy and field strength 
are both expressed in terms of the Racah parameter B. Appli- 
cation of Tanabe—Sugano diagrams is illustrated in worked 
example 21.5. 


Worked example 21.5 Application of Tanabe-Sugano 


diagrams 


Aqueous solutions of [V(OH,)¢|** show absorptions at 17 200 
and 25600cm™' assigned to the woe — °T1,(F) and 
`T 1g(P) — aT 1g(F) transitions. Estimate values of B and 
Ager for [V(OH3)6]". 


[V(OH;3)6]?* is a d? ion and the Tanabe-Sugano diagram 
in Figure 21.24 is therefore appropriate. An important 
point to recognize is that with the diagram provided, only 
approximate values of B and A, can be obtained. 

Let the transition energies be FE, = 25600cm~ 
E; = 17200cm™!. 

Values of transition energies cannot be read directly from 
the Tanabe-Sugano diagram, but ratios of energies can be 
obtained since: 


(8) a 
G” 


* For a full account of the treatment, see: A.B.P. Lever (1984) Inorganic 
Electronic Spectroscopy, Elsevier, Amsterdam. 


' and 
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Fig. 21.24 Tanabe-Sugano diagram for the d° configuration 
in an octahedral field. 


From the observed absorption data: 


E, 25600 
a 145 
E, 17200 


We now proceed by trial and error, looking for the value of 


oct 


which corresponds to a ratio 


when B = 20, Ei Fy 18 
B 
(3) 
when Aes = 30, BJ oo ie 
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This is an approximate answer but we are now able to esti- 
mate B and A, as follows: 


A E 
e when = 2 we have -z 7 400, and since 


E» = 25600 cm™!, B ~ 640 cm™!; 


A E 
e when a = 29, = ~ 26.9, and since E; = 17200cm'!, 


Bx 640 cm™!. 


Substitution of the value of B into Aoot = 29 gives an esti- 
mate of Aset & 18 600 cm™!. B 

Accurate methods involving mathematical expressions can 
be used. These can be found in the advanced texts listed in 
the further reading at the end of the chapter. 


Self-study exercises 


1. Why are the two values of B obtained above self-consistent? 


2. For [Ti(OH,),|*", a value of Aset can be determined directly 
from Amax in the electronic spectrum. Why is this not possible 
for [V(OH)¢|*", and for most other octahedral ions? 


21.8 vidence for metal-ligand covalent 


bonding 


The nephelauxetic effect 


In metal complexes, there is evidence for sharing of electrons 
between metal and ligand. Pairing energies are lower in 
complexes than in gaseous M”™ ions, indicating that 
interelectronic repulsion is less in complexes and that the 
effective size of the metal orbitals has increased; this is the 
nephelauxetic effect. 


Nephelauxetic means (electron) ‘cloud expanding’. 


For complexes with a common metal ion, it is found that the 
nephelauxetic effect of ligands varies according to a series 
independent of metal ion: 

F<H,O<NH,; <en < [0x] < [NCS] < CI™< [CN] < Br <I" 


p 


increasing nephelauxetic effect 


A nephelauxetic series for metal ions (independent of 
ligands) is as follows: 


Mn (II) < Ni(II) ~ Co(II) < Mo(II) < Re(IV) < Fe(III) 
< Ir(II) < Co(II) < Mn(IV) 


p 


increasing nephelauxetic effect 
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Table 21.10 Selected values of h and k which are used to para- 
meterize the nephelauxetic series; worked example 21.6 shows 
their application. 


Metal ion k Ligands h 

Co(II) 0.35 6 Br 2.3 
Rh(III) 0.28 6 Cl” 2.0 
Co(II) 0.24 6 [CN] 2.0 
Fe(III) 0.24 3 en 1.5 
Cr(II) 0.21 6 NH; 1.4 
Ni(II) 0.12 6 HO 1.0 
Mn(II) 0.07 6F 0.8 


The nephelauxetic effect can be parameterized and the values 
shown in Table 21.10 used to estimate the reduction in 
electron—electron repulsion upon complex formation. In 
equation 21.14, the interelectronic repulsion in the complex 
is the Racah parameter B; Bọ is the interelectronic repulsion 
in the gaseous M”* ion. 


B=B 


Bo 


(21.14) 


x Migands x Kmetal ion 


The worked example and exercises below illustrate how to 
apply equation 21.14. 


Worked example 21.6 The nephelauxetic series 


Using data in Table 21.10, estimate the reduction in the inter- 
electronic repulsion in going from the gaseous Fe** ion to 
[FeF,]*. 


The reduction in interelectronic repulsion is given by: 


B-B 


Bo 


x Migands x Kmetal ion 


In Table 21.10, values of h refer to an octahedral set of 
ligands. 
For [FeF,]*": 


B-B 


= 0.8 .24 = 0.192 
By 0.8 x 0 0 


Therefore, the reduction in interelectronic repulsion in going 
from the gaseous Fe** ion to [FeF,]*~ is ¥19%. 


Self-study exercises 


Refer to Table 21.10. 


1. Show that the reduction in interelectronic repulsion in going 
from the gaseous Ni** ion to [NiF¢]*~ is ~10%. 


2. Estimate the reduction in interelectronic repulsion on going 
from gaseous Rh** to [Rh(NH3)¢]>". [Ans. ~39%] 
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It is important to distinguish between the magnetic suscept- 
ibilities x, Xg and Xm. 


e Volume susceptibility is x and is dimensionless. 
e Gram susceptibility is Xg = Z where pis the density of the 


sample; the units of x, are m’kg"!. 


PR spectroscopy 


Further proof of electron sharing comes from electron para- 
magnetic resonance (EPR) spectroscopy. As we described in 
Box 20.1, if a metal ion carrying an unpaired electron is 
linked to a ligand containing nuclei with nuclear spin 
quantum number I #0, hyperfine splitting of the EPR 
signal is observed, showing that the orbital occupied by the 
electron has both metal and ligand character, i.e. there is 
metal—ligand covalent bonding. An example is the EPR 
spectrum of Na,[IrClę] (paramagnetic low-spin d 5) recorded 
for a solid solution in Nay[PtCl,] (diamagnetic low-spin d); 
this was a classic EPR experiment, reported in 1953. 


21.9 Magnetic properties 


Magnetic susceptibility and the spin-only 
formula 


We begin the discussion of magnetochemistry with the so- 
called spin-only formula, an approximation that has limited, 
but useful, applications. 

Paramagnetism arises from unpaired electrons. Each 
electron has a magnetic moment with one component 
associated with the spin angular momentum of the electron 
and (except when the quantum number /=0) a second 
component associated with the orbital angular momentum. 
For many complexes of first row d-block metal ions we can 
ignore the second component and the magnetic moment, y, 
can be regarded as being determined by the number of 
unpaired electrons, n (equations 21.15 and 21.16). The two 
equations are related because the total spin quantum 


n 
b = 
number S 7 


u(spin-only) = 2,/S(S + 1) (21.15) 


p(spin-only) = \/n(n + 2) (21.16) 


Í See: J. Owen and K.W.H. Stevens (1953) Nature, vol. 171, p. 836. 


e Molar susceptibility is Xm = XM (where M is the mole- 
cular mass of the compound) and has SI units of 


m mol !, 


Pivotal 
balance 


Sample —————> j 


Scale 


Magnetic —> | 
N S 
field | 


Fig. 21.25 Schematic representation of a Gouy balance. 


The effective magnetic moment, Hep, can be obtained from 
the experimentally measured molar magnetic susceptibility, 
Xm (see Box 21.5), and is expressed in Bohr magnetons 
(up) where 1ug = eh/4nm, = 9.27 x 10°“ JT~'.. Equation 
21.17 gives the relationship between Hep and Xm; using SI 
units for the constants, this expression reduces to equation 
21.18 in which x, is in cm? mol”!. In the laboratory, the 
continued use of Gaussian units in magnetochemistry 
means that irrational susceptibility is the measured quantity 
and equation 21.19 is therefore usually applied.! 


3kX¥mT 
Lug bp? 


ber = (21.17) 


where k = Boltzmann constant; L= Avogadro number; 
Lo = vacuum permeability; T = temperature in kelvin. 


Hett = 0.7977 \/ Xm T (21.18) 
Hett = 2.828\/Xm7 (for use with Gaussian units) (21.19) 
Several methods can be used to measure Xm, e.g. the Gouy 


balance (Figure 21.25), the Faraday balance (which operates 
in a similar manner to the Gouy balance) and a more 


t Units in magnetochemistry are non-trivial; for detailed information, 
see: I. Mills et al. (1993) IUPAC: Quantities, Units and Symbols in 
Physical Chemistry, 2nd edn, Blackwell Science, Oxford. 
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In Section 21.3, we discussed why Pd(II) and Pt(II) 
complexes are square planar, basing our arguments on elec- 
tronic factors. Nickel(II), on the other hand, forms both 
square planar and tetrahedral complexes. A square planar 
geometry for the coordination sphere of a d® ion can 
readily be distinguished from a tetrahedral one by measuring 
the magnetic moment: square planar complexes are diamag- 
netic, while tetrahedral ones have two unpaired electrons. 
There is a temptation to ignore the possibility of geometries 
other than square planar for 4-coordinate Pd(II) and Pt(II) 
complexes, but in rare cases, tetrahedral coordination is 


Ligand L 


observed and gives rise to a paramagnetic complex. An 
example is [PdCl L] where ligand L is the ferrocenyl (see 
Section 24.13) derivative shown below. The ligand coordi- 
nates through the two O-donors and in the complex 
(shown below with the Pd atom in brown), the O—Pd—O 
bond angle is 104° and the Cl—Pd—Cl angle is 120°. It is 
thought that the steric effects of ligand L force the metal 
coordination environment to be tetrahedral. The effective 
magnetic moment of [PdC], L] is 2.48 wg. Although this is 
lower than is typical for a tetrahedral Ni(II) complex, it is 
still consistent with two unpaired electrons (Table 21.11). 


The structure of [PdClL] 


[X-ray diffraction data: J.S.L. Yeo et al. (1999) Chem. Commun., p. 1477] 


modern technique using a SQUID (see Section 28.4). The 
Gouy method makes use of the interaction between 
unpaired electrons and a magnetic field. A diamagnetic 
material is repelled by a magnetic field whereas a paramag- 
netic material is attracted into it. The compound for study 
is placed in a glass tube, suspended from a balance on which 
the weight of the sample is recorded. The tube is placed so 
that one end of the sample lies at the point of maximum 
magnetic flux in an electromagnetic field while the other 
end is at a point of low flux. Initially the magnet is switched 
off, but upon applying a magnetic field, paramagnetic 
compounds are drawn into it by an amount that depends 
on the number of unpaired electrons. The change in 
weight caused by the movement of the sample into the 
field is recorded, and from the associated force it is possible 
to calculate the magnetic susceptibility of the compound. 
The effective magnetic moment is then derived using 
equation 21.19. 


For metal complexes in which the spin quantum number S 
is the same as for the isolated gaseous metal ion, the spin- 
only formula (equation 21.15 or 21.16) can be applied to 
find the number of unpaired electrons. Table 21.11 lists 
examples in which measured values of [gp correlate fairly 
well with those derived from the spin-only formula; note 
that all the metal ions are from the first row of the d-block. 
Use of the spin-only formula allows the number of unpaired 
electrons to be determined and gives information about, for 
example, oxidation state of the metal and whether the 
complex is low- or high-spin. 

The use of magnetic data to assist in the assignments of 
coordination geometries is exemplified by the difference 
between tetrahedral and square planar dë species, e.g. 
Ni(II), PddD, PtdD, Rh) and Ir(1). Whereas the greater 
crystal field splitting for the second and third row metal 
ions invariably leads to square planar complexes (but see 
Box 21.6), nickel(I]) is found in both tetrahedral and 
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Table 21.11 Spin-only values of err compared with approximate ranges of observed magnetic moments for 


high-spin complexes of first row d-block ions. 


Metal ion d” configuration S 
Sc?+, Tit* d° 0 
Trt d! 5 
ver d’ 1 
y+, Crt g? 3 
Crt, Mn? d‘ 2 
Mn’, Fe*+ d> 2 
2 2 
Fe**, Co** g! 2 
Co d’ 3 
Ni? gs 1 
Cu dP 5 
Zn? q!° 0 


Hete (spin-only) / yg Observed values 


Of Herr | HB 

0 0 

173 1.7-1.8 
2.83 2.8-3.1 
3.87 3.7-3.9 
4.90 4.8—4.9 
5.92 5.7—6.0 
4.90 5.0-5.6 
3.87 4.3-5.2 
2.83 2.9-3.9 
1.73 1.9-2.1 
0 0 


square planar environments. Square planar Ni(II) complexes 
are diamagnetic, whereas tetrahedral Ni(II) species are para- 
magnetic (see worked example 21.1). 


Worked example 21.7 Magnetic moments: spin-only 


formula 


At room temperature, the observed value of piep for 
[Cr(en)3|Br, is 4.75 upg. Is the complex high- or low-spin? 
(Ligand abbreviations: see Table 7.7.) 


[Cr(en);]Brz contains the octahedral [Cr(en)3|°* complex 
and a Cr** (d*) ion. Low-spin will have two unpaired 
electrons (n = 2), and high-spin will have four (n = 4). 

Assume that the spin-only formula is valid (first row 
metal, octahedral complex): 


(spin-only) = \/n(n + 2) 
u(spin-only) = v8 = 2.83 
u(spin-only) = /24 = 4.90 


The latter is close to the observed value, and is consistent 
with a high-spin complex. 


For low-spin: 


For high-spin: 


Self-study exercises 


1. Given that (at 293K) the observed value of jog for 
[VCl4(MeCN),] is 1.77 ug, deduce the number of unpaired 
electrons and confirm that this is consistent with the oxidation 
state of the V atom. 


2. At 298K, the observed value of poy for [Cr(NH;)6]Cl, is 
4.85 ug. Confirm that the complex is high-spin. 


3. At 300 K, the observed value of pett for [V(NH3)6]Ch is 3.9 upg. 
Confirm that this corresponds to what is expected for an 
octahedral d? complex. 


Spin and orbital contributions to the 
magnetic moment 


By no means do all paramagnetic complexes obey the spin- 
only formula and caution must be exercised in its use. It 
is often the case that moments arising from both the spin 
and orbital angular momenta contribute to the observed 
magnetic moment. Details of the Russell-Saunders coupling 
scheme to obtain the total angular momentum quantum 
number, J, from quantum numbers L and S are given 
in Section 21.6, along with notation for term symbols 
S+), The energy difference between adjacent states 
with J values of J' and (J'+ 1) is given by the expression 
(J' + 1)A where A is called the spin-orbit coupling constant. 
For the d? configuration, for example, the 3F term in an 
octahedral field is split into 7F,, °F} and °F}, the energy 
differences between successive pairs being 3A and 4A respec- 
tively. In a magnetic field, each state with a different J value 
splits again to give (2J +1) different levels separated by 
gJzugBo where g, is a constant called the Landé splitting 
factor and Bọ is the magnetic field. It is the very small 
energy differences between these levels with which EPR spec- 
troscopy is concerned and g-values are measured using this 
technique (see Box 20.1). The overall splitting pattern for a 
d’ ion is shown in Figure 21.26. 

The value of À varies from a fraction of acm! for the very 
lightest atoms to a few thousand cm"! for the heaviest ones. 
The extent to which states of different J values are populated 
at ambient temperature depends on how large their separa- 
tion is compared with the thermal energy available, kT; 
at 300K, kT ~ 200 cm! or 2.6kJmol!. It can be shown 
theoretically that if the separation of energy levels is large, 
the magnetic moment is given by equation 21.20. Strictly, 
this applies only to free-ion energy levels, but it gives 
values for the magnetic moments of lanthanoid ions (for 
which A is typically 1000cm~') that are in good agreement 
with observed values (see Section 25.4). 


Energy 
A 


Singlet 
terms 


No ss ll LS Effect of 
electron coupling coupling coupling magnetic 
interaction field 


Fig. 21.26 Splitting of the terms of a d?” ion (not to scale). 
See Section 21.6 for derivations of the term symbols. 


Heft = EJ V J(J + 1) 
(ss +1) 


where 


ae Meita +D) 
(21.20) 


For d-block metal ions, equation 21.20 gives results that 
correlate poorly with experimental data (Tables 21.11 
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and 21.12). For many (but not all) first row metal ions, A is 
very small and the spin and orbital angular momenta of the 
electrons operate independently. For this case, the van Vleck 
formula (equation 21.21) has been derived. Strictly, equation 
21.21 applies to free ions but, in a complex ion, the crystal field 
partly or fully quenches the orbital angular momentum. Data 
in Tables 21.11 and 21.12 reveal a poor fit between observed 
values of uep and those calculated from equation 21.21. 


Per = V4S(S + 1) + L(L + 1) (21.21) 
If there is no contribution from orbital motion, then equation 
21.21 reduces to equation 21.22 which is the spin-only 
formula we met earlier. Any ion for which L=0 (e.g. 
high-spin d> Mn*+ or Fe** in which each orbital with 
m; = +2, +1, 0, —1, —2 is singly occupied, giving L = 0) 
should, therefore, obey equation 21.22. 


bert = V4S(S + 1) = 2V/S(S +1) (21.22) 

However, some other complex ions also obey the spin-only 
formula (Tables 21.11 and 21.12). In order for an electron to 
have orbital angular momentum, it must be possible to 
transform the orbital it occupies into an entirely equivalent 
and degenerate orbital by rotation. The electron is then 
effectively rotating about the axis used for the rotation of 
the orbital. In an octahedral complex, for example, the 
three f orbitals can be interconverted by rotations 
through 90°; thus, an electron in a ży orbital has orbital 
angular momentum. The e, orbitals, having different 
shapes, cannot be interconverted and so electrons in e, orbi- 
tals never have angular momentum. There is, however, 
another factor that needs to be taken into account: if all 
the t orbitals are singly occupied, an electron in, say, the 
dą- orbital cannot be transferred into the dą, or d,, orbital 
because these already contain an electron having the same 
spin quantum number as the incoming electron. If all the 
tog orbitals are doubly occupied, electron transfer is also 
impossible. It follows that in high-spin octahedral 


Table 21.12 Calculated magnetic moments for first row d-block metal ions in high-spin complexes at ambient tempera- 


tures. Compare these values with those observed (Table 21.11). 


Metal ion Ground Lege | Hg calculated Ler | Hg calculated Mere | Hg calculated 
term from equation 21.20 from equation 21.21 from equation 21.22 
Tr’ D; 1.55 3.01 1.73 
vit $F, 1.63 4.49 2.83 
vce “Fs 0.70 5.21 3.87 
Crt, Mn? “Di 0 5.50 4.90 
Mn?*, Fe? °Ss 2 5.92 5.92 5.92 
Fe**, Co*+ `D, 6.71 5.50 4.90 
Co** Fop 6.63 5.21 3.87 
Ni’ 3Fy 5.59 4.49 2.83 
Cu’ Ds 3.55 3.01 1.73 
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complexes, orbital contributions to the magnetic moment are 
important only for the configurations t's Dr bg eg and 
bg eg”. For tetrahedral complexes, it is similarly shown 
that the configurations that give rise to an orbital 
contribution are ?h!', eh’, eht and e*t)°. These results 
lead us to the conclusion that an octahedral high-spin d’ 
complex should have a magnetic moment greater than the 
spin-only value of 3.87 up but a tetrahedral d” complex 
should not. However, the observed values of peg for 
[Co(OH;)¢|°* and [CoC14] are 5.0 and 4.4 ug respectively, 
i.e. both complexes have magnetic moments greater than 
p(spin-only). The third factor involved is spin—orbit coupling. 

Spin—-orbit coupling is a complicated subject. We intro- 
duced LS (or Russell-Saunders) coupling in Section 21.6, 
and Figure 21.26 shows the effects of LS coupling on the 
energy level diagram for a d? configuration. The extent of 
spin-orbit coupling is quantified by the constant A, and for 
the d° configuration in Figure 21.26, the energy differences 
between the *F, and °F; levels, and between the °F; and 
F; levels, are 3A and 4A, respectively (see earlier). As a 
result of spin-orbit coupling, mixing of terms occurs. Thus, 
for example, the hes ground term of an octahedral d8 ion 
(Figure 21.20) mixes with the higher °T. 2g term. The extent 
of mixing is related to Aj, and to the spin-orbit coupling 
constant, A. Equation 21.23 is a modification of the spin- 
only formula which takes into account spin-orbit coupling. 
Although the relationship depends on A,.,, it also applies to 
tetrahedral complexes. Equation 21.23 applies only to ions 
having A or E ground terms (Figures 21.19 and 21.20). 
This simple approach is not applicable to ions with a T 
ground term. 


À 
wat =) 
Aoct 


(21.23) 


-vaa E) 


oct 


where: À = spin-orbit coupling constant 
a = 4 for an A ground term 


a = 2 for an E ground term 


Some values of A are given in Table 21.13. Note that A is 
positive for less than half-filled shells and negative for 
shells that are more than half-filled. Thus, spin—orbit 
coupling leads to: 


© uet > p(spin-only) for a’. d', d? and d? ions; 
© flere < p(spin-only) for a”. J d? and df ions. 
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Worked example 21.8 Magnetic moments: spin-orbit 


coupling 


Calculate a value for [eg for [Ni(en)3]”* taking into account 
spin-orbit coupling. Compare your answer with ;.(spin-only) 
and the value of 3.16g observed experimentally for 
[Ni(en)3]|SO4]. [Data: see Tables 21.2 and 21.13.] 


Octahedral Ni(II) (dË) has a 3 Ane ground state. Equation 
needed: 


; 4A 
Hett = uspin-onty)( 1 sa ) 
oct 


u(spin-only) = \/n(n + 2) = V8 = 2.83 


From Table 21.2: Aj = 11 500 cm7! 
From Table 21.13: A = —315 cm”! 


4x315 


Heft = 283(1 + 71500. 


The calculated value is significantly larger than s(spin- 
only) as expected for a d” configuration with a more 
than half-full shell; it agrees well with the experimental 
value. 


Self-study exercises 


Use data in Tables 21.2 and 21.13. 


1. Calculate a value for prete for [Ni(NH3)6] taking into account 
spin—orbit coupling. [Ans. 3.1648] 


2. Calculate a value for [ere for [Ni(OH),|7" taking into account 
spin-orbit coupling. [Ans. 3.2548] 


An important point is that spin-orbit coupling is generally 
large for second and third row d-block metal ions and this 
leads to large discrepancies between u(spin-only) and observed 
values of petr. The d' complexes cis-[NbBr,(NCMe),] and cis- 
[TaCl4(NCMe),] illustrate this clearly: room temperature 
values of [erp are 1.27 and 0.45upg respectively compared 
with u(spin-only) = 1.73up. 


The effects of temperature ON eer 


So far, we have ignored the effects of temperature on fier. If a 
complex obeys the Curie law (equation 21.24), then Hepp is 


Table 21.13 Spin-orbit coupling coefficients, A, for selected first row d-block metal ions. 


Metal ion Tit vit 
d" configuration d! d’ d? 
A/cm! 155 105 90 


Mn>* Fe2+ Co? NiZt Cu? 
d’ dî d’ a’ d? 
88 —102 =177 —315 —830 


independent of temperature; this follows from a combination 
of equations 21.18 and 21.24. 


C 
s= 21.24 
LST ( ) 
where: C = Curie constant 


T = temperature in K 


However, the Curie law is rarely obeyed and so it is 
essential to state the temperature at which a value of [eg 
has been measured. For second and third row d-block metal 
ions in particular, quoting only a room temperature value of 
He 1S usually meaningless. When spin-orbit coupling is 
large, [lg is highly dependent on T. For a given electronic 
configuration, the influence of temperature on Hep can be 
seen from a Kotani plot of fie against kT/X where k is the 
Boltzmann constant, T is the temperature in K, and A is 
the spin-orbit coupling constant. Remember that A is small 
for first row metal ions, is large for a second row metal ion, 
and is even larger for a third row ion. Figure 21.27 shows a 
Kotani plot for a tog configuration; four points are indicated 
on the curve and correspond to typical values of [epp(298 K) 
for complexes of Cr(II) and Mn(iII) from the first row, 
and Ru(IV) and Os(IV) from the second and third rows 
respectively. Points to note from these data are: 


e since the points corresponding to [ler(298K) for the 
first row metal ions lie on the near-horizontal part of 
the curve, changing the temperature has little effect on 
Heft s 

e since the points relating to pleg(298K) for the heavier 
metal ions lie on parts of the curve with steep gradients, 
[left IS sensitive to changes in temperature; this is 
especially true for Os(IV). 


Mn(II) Cr(II) 


Hope! lp 


Ru(IV) 


Fig. 21.27 Kotani plot for a bg” configuration; A is the spin- 
orbit coupling constant. Typical values of Hețp(298 K) for 
Cr(II), Mn(I11), Ru(IV) and Os(IV) are indicated on the 
curve. 


Chapter 21 e Magnetic properties 675 


Spin crossover 


The choice between a low- and high-spin configuration for 
d*, dř, d° and d’ complexes is not always unique and a 
spin crossover sometimes occurs. This may be initiated by a 
change in pressure (e.g. a low- to high-spin crossover for 
[Fe(CN);(NH;)|*~ at high pressure) or temperature (e.g. 
octahedral [Fe(phen),(NCS-N).], octahedral [Fe(21.9),] 
and the square-based pyramidal complex 21.10 undergo 
low- to high-spin crossovers at 175, 391 and 180K 
respectively). The change in the value of pep which 
accompanies the spin crossover may be gradual or abrupt 
(Figure 21.28)." 


H n 
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In addition to magnetic measurements, Mössbauer spec- 
troscopy can be used to study spin-crossover transitions. 
Isomer shifts of iron complexes are sensitive not only to 
oxidation state (see Section 3.12) but also to spin state. 
Figure 21.29 shows the Méssbauer spectra of [Fe{HC(3,5- 
Mezpz)3}5|I, over a temperature range from 295 to 4.2K. 
Each spectrum is characterized by a ‘split peak’ which is 
described in terms of the isomer shift, 6, and the quadrupole 
splitting, AEg. At 295K, the iron(II) centre is high-spin 
(6 = 0.969mms", AEg = 3.86mm s'). On cooling, the 
complex undergoes a change to a low-spin state, and at 
4.2K, the transition is complete; the lowest spectrum in 
Figure 21.29 arises from low-spin [Fe{HC(3,5-Mezpz)3}s|Ib 
(6 = 0.463mms", AEg = 0.21 mm s'). At intermediate 
temperatures, the Méssbauer spectroscopic data are fitted 
to a mixture of low- and high-spin complexes (exemplified 
in Figure 21.29 by the spectrum at 166 K). 


t For a review of spin crossover in Fe(II) complexes, see: P. Giitlich, Y. 
Garcia and H.A. Goodwin (2000) Chemical Society Reviews, vol. 29, 
p. 419. An application of spin crossover is described in “Molecules 
with short memories’: O. Kahn (1999) Chemistry in Britain, vol. 35, 
number 2, p. 24. 
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Fig. 21.28 The dependence of the observed values of /iegp on temperature for (a) [Fe(phen),(NCS-N).] where low- to high-spin 
crossover occurs abruptly at 175 K, and (b) [Fe(btz),(NCS-N),] where low- to high-spin crossover occurs more gradually. Ligand 
abbreviations are defined in the figure [data: J.-A. Real et al. (1992) Inorg. Chem., vol. 31, p. 4972]. 
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Fig. 21.29 (a) The structure (X-ray diffraction) of the [Fe{HC(3,5-Me2pz)3}2]* cation in which HC(3,5-Mezpz); is a tripodal 
ligand related to 21.9 (pz = pyrazoyl) [D.L. Reger et al. (2002) Eur. J. Inorg. Chem., p. 1190]. (b) Mossbauer spectra of crystallized 
[Fe{HC(3,5-Mespz)3}5]I, at 295, 166 and 4.2 K obtained during cooling of the sample. The data points are shown by black crosses, 
and the data are fitted to the curves that are shown. [Gary J. Long is acknowledged for providing the spectra.] 


where the paramagnetic centres are well separated from 
each other by diamagnetic species; such systems are said to 
be magnetically dilute. For a paramagnetic material, the 


Ferromagnetism, antiferromagnetism and 
ferrimagnetism 


Whenever we have mentioned magnetic properties so far, we 
have assumed that metal centres have no interaction with 
each other (Figure 21.30a). This is true for substances 


magnetic susceptibility, x, is inversely proportional to 
temperature. This is expressed by the Curie law (equation 
21.24 and Figure 21.31a). When the paramagnetic species 


(O) 
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(d) 


Fig. 21.30 Representations of (a) paramagnetism, (b) ferromagnetism, (c) antiferromagnetism and (d) ferrimagnetism. 


(a) 


np 


Ferromagnetic 


Paramagnetic 


Antiferromagnetic 


Paramagnetic 


Fig. 21.31 The dependence of the magnetic susceptibility, x, 
and of '/x on temperature for (a) a paramagnetic material, (b) a 
ferromagnetic material and (c) an antiferromagnetic material. 
The temperatures Tc and Ty are the Curie and Néel 
temperatures, respectively. 


are very close together (as in the bulk metal) or are separated 
by a species that can transmit magnetic interactions (as in 
many d-block metal oxides, fluorides and chlorides), the 
metal centres may interact (couple) with one another. The 
interaction may give rise to ferromagnetism or antiferro- 
magnetism (Figures 21.30b and 21.30c). 


In a ferromagnetic material, large domains of magnetic 
dipoles are aligned in the same direction; in an 
antiferromagnetic material, neighbouring magnetic dipoles 
are aligned in opposite directions. 


Ferromagnetism leads to greatly enhanced paramagnetism 
as in iron metal at temperatures of up to 1043K (the Curie 
temperature, Tc), above which thermal energy is sufficient to 
overcome the alignment and normal paramagnetic behaviour 
prevails. Above the Curie temperature, a ferromagnetic mate- 
rial obeys the Curie-Weiss law (equation 21.25). This is repre- 
sented graphically in Figure 21.31b which illustrates that, on 
cooling a sample, ferromagnetic ordering (i.e. the change 
from paramagnetic to ferromagnetic domains, Figure 21.30a 
to 21.30b) occurs at the Curie temperature, Tc. In many 
cases, the Weiss constant equals the Curie temperature, and 
the Curie-Weiss law can be written as in equation 21.26. 


X= — Curie-Weiss law (21.25) 
where: 6 = Weiss constant 
C = Curie constant 
C 
= 21.26 
XFIT ( ) 


where: Tc = Curie temperature 


Antiferromagnetism occurs below the Néel temperature, 
Ty; as the temperature decreases, less thermal energy is 
available and the paramagnetic susceptibility falls rapidly. 
The dependence of magnetic susceptibility on temperature 
for an antiferromagnetic material is shown in Figure 21.31c. 
The classic example of antiferromagnetism is MnO which 
has a NaCl-type structure and a Néel temperature of 118 K. 
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Neutron diffraction is capable of distinguishing between sets 
of atoms having opposed magnetic moments and reveals 
that the unit cell of MnO at 80K is double the one at 
293K. This indicates that in the conventional unit cell 
(Figure 6.15), metal atoms at adjacent corners have opposed 
moments at 80K and that the cells must be stacked to 
produce the ‘true’ unit cell. More complex behaviour may 
occur if some moments are systematically aligned so as to 
oppose others, but relative numbers or relative values of the 
moments are such as to lead to a finite resultant magnetic 
moment: this is ferrimagnetism and is represented schemati- 
cally in Figure 21.30d. 

When a bridging ligand facilitates the coupling of electron 
spins on adjacent metal centres, the mechanism is one of 
superexchange. This is shown schematically in diagram 
21.11, in which the unpaired metal electrons are represented 
in red. 


(21.11) 


In a superexchange pathway, the unpaired electron on the 
first metal centre, M,, interacts with a spin-paired pair of 
electrons on the bridging ligand with the result that the 
unpaired electron on M; is aligned in an antiparallel manner 
with respect to that on M}. 


21.10 Thermodynamic aspects: ligand 
field stabilization energies (LFS ) 


Trends in LFS 


So far, we have considered A, (or Aret) only as a quantity 
derived from electronic spectroscopy and representing the 
energy required to transfer an electron from a fy, to an e, 
level (or from an e to t, level). However, chemical signifi- 
cance can be attached to these values. Table 21.3 showed 
the variation in crystal field stabilization energies (CFSE) 
for high- and low-spin octahedral systems; the trend for 
high-spin systems is restated in Figure 21.32, where it is 
compared with that for a tetrahedral field, A, being 
expressed as a fraction of A, (see equation 21.7). Note the 
change from CFSE to LFSE in moving from Table 21.3 to 
Figure 21.32; this reflects the fact that we are now dealing 
with ligand field theory and ligand field stabilization energies. 
In the discussion that follows, we consider relationships 
between observed trends in LFSE values and selected 
thermodynamic properties of high-spin compounds of the 
d-block metals. 
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Lattice energies and hydration energies of 
M"* ions 


Figure 21.33 shows a plot of experimental lattice energy data 
for metal(II) chlorides of first row d-block elements. In each 
salt, the metal ion is high-spin and lies in an octahedral 
environment in the solid state.’ The ‘double hump’ in 
Figure 21.33 is reminiscent of that in Figure 21.32, albeit 
with respect to a reference line which shows a general 
increase in lattice energy as the period is crossed. Similar 
plots can be obtained for species such as MF», MF; and 
[MF,]*_, but for each series, only limited data are available 
and complete trends cannot be studied. 

Water is a weak-field ligand and [M(OH}),|~* ions of the 
first row metals are high-spin. The relationship between 
absolute enthalpies of hydration of M** ions (see 
Section 7.9) and d” configuration is shown in Figure 21.34, 
and again we see the ‘double-humped’ appearance of 
Figures 21.32 and 21.33. 

For each plot in Figures 21.33 and 21.34, deviations from 
the reference line joining the d°, d? and d'° points may be 
taken as measures of ‘thermochemical LFSE’ values. In 
general, the agreement between these values and those calcu- 
lated from the values of Aset derived from electronic spectro- 
scopic data are fairly close. For example, for [Ni(OH>),]?*, 
the values of LFSE(thermochemical) and LFSE(spectro- 
scopic) are 120 and 126kJmol! respectively; the latter 
comes from an evaluation of 1.2A,,, where A, is deter- 
mined from the electronic spectrum of [Ni(OH})¢]"* to be 
8500cm~!. We have to emphasize that this level of agree- 
ment is fortuitous. If we look more closely at the problem, 
we note that only part of the measured hydration enthalpy 
can be attributed to the first coordination sphere of 
six H,O molecules, and, moreover, the definitions of 
LFSE(thermochemical) and LFSE(spectroscopic) are not 
strictly equivalent. In conclusion, we must make the very 
important point that, interesting and useful though discus- 
sions of ‘double-humped’ graphs are in dealing with trends 
in the thermodynamics of high-spin complexes, they are 
never more than approximations. It is crucial to remember 
that LFSE terms are only small parts of the total interaction 
energies (generally <10%). 


Octahedral versus tetrahedral 
coordination: spinels 


Figure 21.32 indicates that, if all other factors are equal, 
d°, high-spin d? and d!° ions should have no electroni- 
cally imposed preference between tetrahedral and octa- 
hedral coordination, and that the strongest preference 
for octahedral coordination should be found for a, dÈ 


Ý Strictly, a purely electrostatic model does not hold for chlorides, but we 
include them because more data are available than for fluorides, for 
which the electrostatic model is more appropriate. 
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Fig. 21.32 Ligand field stabilization energies as a function of Ase for high-spin octahedral systems and for tetrahedral systems; 
Jahn-Teller effects for d* and d° configurations have been ignored. 
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Fig. 21.33 Lattice energies (derived from Born—Haber cycle data) for MCI, where M is a first row d-block metal; the point for d° 
corresponds to CaCl). Data are not available for scandium where the stable oxidation state is +3. 
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Fig. 21.34 Absolute enthalpies of hydration of the M** ions of the first row metals; the point for d° corresponds to Ca**. Data 


are not available for Sc?*, Ti?* and V>*. 


and low-spin d° ions. Is there any unambiguous evidence 
for these preferences? 

The distribution of metal ions between tetrahedral and 
octahedral sites in a spinel (see Box 13.6) can be rationalized 
in terms of LFSEs. In a normal spinel A'B3'O, the 
tetrahedral sites are occupied by the A°™ ions and the 
octahedral sites by B** ions: (AY)'*(BM)S“O,. In an 
inverse spinel, the distribution is (B'')''(A"B")°O,. For 
spinel itself, A = Mg, B = Al. If at least one of the cations 


is from the d-block, the inverse structure is frequently 


(though by no means always) observed: Zn" FeO}, 
Fe"'Cr3'O, and Mn"™Mn3"0, are normal spinels while 
Ni!Gatl!O,, Co!Fel!O}, and Fel'Fel!O, are inverse 
spinels. To account for these observations we first note the 
following: 


e the Madelung constants for the spinel and inverse spinel 
lattices are usually nearly equal; 

e the charges on the metal ions are independent of environ- 
ment (an assumption); 
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e Ao values for complexes of M** ions are significantly 
greater than for corresponding complexes of M°* ions. 


Consider compounds with normal spinel structures: in 
Zn" FeO, (d° and d’), LFSE=0 for each ion; in 
Fe''Cr30, (d° and d°), Cr°* has a much greater LFSE 
in an octahedral site than does high-spin Fe?*; in 
Mn" Mn}"'0, (d° and d*), only Mn** has any LFSE and 
this is greater in an octahedral than a tetrahedral site. Now 
consider some inverse spinels: in Ni''Ga}!'O4, only Ni?’ 
(d?) has any LFSE and this is greater in an octahedral site; 
in each of Co! Fes!'O, (d’ and d’) and Fe" Fet! O, (d° and 
d>), LFSE = 0 for Fe** and so the preference is for Cot 
and Fe** respectively to occupy octahedral sites. While this 
argument is impressive, we must note that observed struc- 
tures do not always agree with LFSE expectations, e.g. 
Fe" Als", is a normal spinel. 


21.11 Thermodynamic aspects: the 
Irving—Williams series 


In aqueous solution, water is replaced by other ligands 
(equation 21.27, and see Table 7.7) and the position of equi- 
librium will be related to the difference between two LFSEs, 
since Aoc is ligand-dependent. 


[Ni(OH)),]° + [EDTA]*" = [Ni(EDTA)]*~ + 6H,O 
(21.27) 


Table 21.14 lists overall stability constants (see Section 7.12) 
for [M(en)3|° and [M(EDTA)|*~ high-spin complexes for 
dî to d!’ first row M°” ions. For a given ligand and cation 
charge, AS° should be nearly constant along the series and 
the variation in log, should approximately parallel the 
trend in values of —AH°. Table 21.14 shows that the trend 
from d° to d'° follows a ‘single hump’, with the ordering 
of log 8, for the high-spin ions being: 


Mn? < Fe! 


< Co < Nit < Cu’ > Zn 


This is called the /rving—Williams series and is observed for a 
wide range of ligands. The trend is a ‘hump’ that peaks at 
Cu** (d°) and not at Ni°* (d?) as might be expected from 
a consideration of LFSEs (Figure 21.32). While the variation 
in LFSE values is a contributing factor, it is not the sole 
arbiter. Trends in stability constants should bear a relation- 
ship to trends in ionic radii (see Appendix 6); the pattern in 
values of rion for 6-coordinate high-spin ions is: 

24 


Mn** > Fe*+ > Co** > NI? < Cu*t < Zn” 
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Fig. 21.35 Stepwise stability constants (log K,,) for the 
displacement of H20 by NH; from [Ni(OH3)6]7~ (d?) and 
[Cu(OH)«]** (a°). 


We might expect rion to decrease from Mn?” to Zn** as Zerr 
increases, but once again we see a dependence on the d” 
configuration with Ni?’ being smallest. In turn, this predicts 
the highest value of log@, for Ni°*. Why, then, are 
copper(II) complexes so much more stable than might be 
expected? The answer lies in the Jahn—Teller distortion that 
a d? complex suffers. The six metal-ligand bonds are not 
of equal length and thus the concept of a ‘fixed’ ionic 
radius for Cu’ is not valid. In an elongated complex 
(structure 21.5) such as [Cu(OH>),]**, there are four short 
and two long Cu—O bonds. Plots of stepwise stability 
constants for the displacement of H,O by NH; ligands in 
[Cu(OH})6]°* and [Ni(OH>),|°* are shown in Figure 21.35. 
For the first four substitution steps, complex stability is 
greater for Cu’ than Ni’, reflecting the formation of four 
short (strong) Cu-N bonds. The value of log K; for Cu’* 
is consistent with the formation of a weak (axial) Cu-—N 
bond; log Kg cannot be measured in aqueous solution. The 
magnitude of the overall stability constant for complexation 
of Cu?" is dominated by values of K, for the first four steps 
and the thermodynamic favourability of these displacement 
steps is responsible for the position of Cu** in the Irving- 
Williams series. 


21.12 Thermodynamic aspects: oxidation 
states in a ueous solution 


In the preceding sections, we have, with some degree of 
success, attempted to rationalize irregular trends in some 
thermodynamic properties of the first row d-block metals. 
Now we consider the variation in E° values for equilibrium 


Table 21.14 Overall stability constants for selected high-spin d-block metal complexes. 


Metal ion Mn’ Fe’ 
log b; for [M (en);] t 5.7 9.5 
log 3 for [M(EDTA)]?~ 13.8 143 


Co2+ Ni? C+ Zn2* 
13.8 18.6 18.7 12.1 
16.3 18.6 18.7 16.1 
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Fig. 21.36 The variation in values of E°(M**/M) as a function of d” configuration for the first row metals; the point for d° 


corresponds to M = Ca. 


21.28 (Table 20.1 and Figure 21.36); the more negative the 
value of E°, the less easily M°” is reduced. 


M?*(aq) + 2e7 = M(s) (21.28) 


This turns out to be a difficult problem. Water is relatively 
easily oxidized or reduced, and the range of oxidation 
states on which measurements can be made under aqueous 
conditions is therefore restricted, e.g. Sc(II) and Ti(II) 
would liberate Hy. Values of E°(M?*/M) are related (see 
Figure 8.5) to energy changes accompanying the processes: 


M(s) — M(g) 
M(g) — M**(g) 
M**(g) — M**(aq) 


atomization (A, H°) 
ionization (IE, + IE>) 
hydration (Apya H°) 


In crossing the first row of the d-block, the general trend 
is for ApyaH® to become more negative (Figure 21.34). 
There is also a successive increase in the sum of the first 
two ionization energies albeit with discontinuities at Cr 
and Cu (Figure 21.37). Values of A,H® vary erratically 
and over a wide range with a particularly low value for 


2750 


2500 


(IE, + JE,)/kI mor! 


2250 


2000 


1750 


zinc (Table 6.2). The net effect of all these factors is an irre- 
gular variation in values of E°(M** /M) across the row, and 
it is clearly not worth discussing the relatively small varia- 
tions in LFSEs. 

Consider now the variations in E°(M** /M?*) across the 
row. The enthalpy of atomization is no longer relevant and 
we are concerned only with trends in the third ionization 
energy (Table 21.15) and the hydration energies of M°” 
and M?*. Experimental values for £°(M*+/M?*) 
(Table 21.15) are restricted to the middle of the series; 
Sc(II) and Ti(II) would reduce water while Ni(II), Cu(II) 
and Zn(III) would oxidize it. In general, larger values of 
IE, correspond to more positive E° values. This suggests 
that a steady increase in the difference between the hydration 
energies of M** and M7" (which would become larger as the 
ions become smaller) is outweighed by the variation in JE3. 
The only pair of metals for which the change in E° appears 
out of step is vanadium and chromium. The value of JE; 
for Cr is 165kJ mol”! greater than for V and so it is harder 
to oxidize gaseous Cr’ than V**. In aqueous solution 
however, Cr’ is a more powerful reducing agent than V°”. 
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Fig. 21.37 The variation in the sum of the first and second ionization energies as a function of d” configuration for the first row 


metals; the point for d° corresponds to M = Ca. 
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Table 21.15 Standard reduction potentials for the equilibrium M**(aq) + e7 = M?*(aq) 


and values of the third ionization energies. 


M y Cr 
E° |V —0.26 —0.41 
IE; /kJ mol! 2827 2992 


Mn Fe Co 
+1.54 +0.77 +1.92 
3252 2962 3232 


These oxidations correspond to changes in electronic config- 
uration of d? — d? for V and d — d? for Cr. The V*", 
v**, Cr’? and Cr** hexaaqua ions are high-spin; oxidation 
of V** is accompanied by a loss of LFSE (Table 21.3), 
while there is a gain in LFSE (i.e. more negative) upon oxida- 
tion of Cr?* (minor consequences of the Jahn-Teller effect are 
ignored). Using values of A, from Table 21.2, these changes 
in LFSE are expressed as follows: 


Change in LFSE on oxidation of V°” is 
—(1.2 x 12400) to —(0.8 x 17850) 
= —14880 to —14280cm™! 
= +600 cm”! 
Change in LFSE on oxidation of Cr?" is 
—(0.6 x 14100) to —(1.2 x 17400) 
—8460 to —20880cm' 


—12420 cm7! 


The gain in LFSE upon formation of Cr** corresponds to 
~150kJmol! and largely cancels out the effect of the 
third ionization energy. Thus, the apparent anomaly of 
E°(Cr**/Cr’*) can be mostly accounted for in terms of 
LFSE effects — a considerable achievement in view of the 
simplicity of the theory. 


Glossary 


The following terms were introduced in this chapter. 
Do you know what they mean? 

high-spin 

low-spin 

crystal field theory 

Aoets Atet ++ - 

weak-field ligand 

strong-field ligand 

spectrochemical series 

crystal field stabilization energy (CFSE) 
pairing energy 

Jahn-Teller distortion 

a-donor ligand 

m-acceptor ligand 

18-electron rule 

‘d-d’ transition 
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quantum numbers for multi-electron species 
term symbol 

table of microstates 

Russell-Saunders coupling 

charge transfer absorption 

MLCT 

LMCT 

Amax and Emax for an absorption band 
selection rule: AS = 0 

selection rule: A/ = +1 

vibronic coupling 

Orgel diagram 

Racah parameter 

Tanabe-Sugano diagram 
nephelauxetic effect 

magnetic susceptibility 

effective magnetic moment 

spin-only formula 

Gouy balance 

spin-orbit coupling constant 

Curie law 

Kotani plot 

spin crossover 

ferromagnetism 

antiferromagnetism 

ferrimagnetism 

superexchange 

ligand field stabilization energy (LFSE) 


OOUOOOOOOCOOOCOCOOCODOCOOOCOOOCOOCOCOOO 


Further reading 


Texts that complement the present treatment 

I.B. Bersuker (1996) Electronic Structure and Properties of 
Transition Metal Compounds, Wiley, New York. 

M. Gerloch and E.C. Constable (1994) Transition Metal 
Chemistry: the Valence Shell in d-Block Chemistry, VCH, 
Weinheim. 

J.E. Huheey, E.A. Keiter and R.L. Keiter (1993) Inorganic 
Chemistry, 4th edn, Harper Collins, New York, Chapter 11. 

W.L. Jolly (1991) Modern Inorganic Chemistry, 2nd edn, 
McGraw-Hill, New York, Chapters 15, 17 and 18. 

S.F.A. Kettle (1996) Physical Inorganic Chemistry, Spektrum, 
Oxford. 


Term symbols and symmetry labels 

P. Atkins and J. de Paula (2006) Atkins’ Physical Chemistry, 8th 
edn, Oxford University Press, Oxford — Chapter 10 gives a 
good introduction to term symbols. 


M.L. Campbell (1996) Journal of Chemical Education, vol. 73, 
p. 749 — ‘A systematic method for determining molecular 
term symbols for diatomic molecules’ is an extremely good 
summary of a related topic not covered in this book. 

M. Gerloch (1986) Orbitals, Terms and States, Wiley, Chichester 
— A detailed, but readable, account of state symbols which 
includes jj coupling. 

D.W. Smith (1996) Journal of Chemical Education, vol. 73, 
p. 504 — ‘Simple treatment of the symmetry labels for the 
d-d states of octahedral complexes’. 


Crystal and ligand field theories, electronic spectra and 

magnetism: advanced texts 

B.N. Figgis (1966) Introduction to Ligand Fields, Interscience, 
New York. 


Problems 


21.1 Outline how you would apply crystal field theory to 
explain why the five d-orbitals in an octahedral complex 
are not degenerate. Include in your answer an explanation 
of the ‘barycentre’. 


21.2 The absorption spectrum of [Ti(OH>)¢]** exhibits a band 
with Ajax = 510 nm. What colour of light is absorbed and 
what colour will aqueous solutions of [Ti(OH>)¢]** 
appear? 


21.3 Draw the structures of the following ligands, highlight 
the donor atoms and give the likely modes of bonding 
(e.g. monodentate): (a) en; (b) bpy; (c) [CN]; (d) [N3]; 
(e) CO; (f) phen; (g) [ox]; h) [NCS]; (i) PMes. 


21.4 Arrange the following ligands in order of increasing field 
strength: Br’, F`, [CN], NH3, [OH], H30. 


21.5 For which member of the following pairs of complexes 
would Asc be the larger and why: (a) [Cr(OH>)6]°* and 
[Cr(OH))¢]**; (b) [CrF¢]* and [Cr(NH3)6}**; 

(c) [Fe(CN),]*~ and [Fe(CN)¢]*~; (d) [Ni(OH2)6]°* and 
[Ni(en)3]°*; (e) [MnF,]? and [ReF,]*; (£) [Co(en)3]** 
and [Rh(en)3]°*? 


21.6 (a) Explain why there is no distinction between low- 
and high-spin arrangements for an octahedral dë metal 
ion. (b) Discuss the factors that contribute to the 
preference for forming either a high- or a low-spin d* 
complex. (c) How would you distinguish 
experimentally between the two configurations in (b)? 


21.7 Verify the CFSE values in Table 21.3. 


21.8 In each of the following complexes, rationalize the 
number of observed unpaired electrons (stated after the 
formula): (a) [Mn(CN)¢|*~ (1); (b) [Mn(CN)¢]*~ (3); 

(c) [Cr(en)3]°* (4); (d) [Fe(ox)3]*~ (5); (e) [PA(CN)4] (0); 
(® [CoC] (3); (e) [NiBr4] (2). 


21.9 (a) Explain the forms of the d orbital splitting diagrams 
for trigonal bipyramidal and square pyramidal complexes 
of formula ML; shown in Figure 21.11. (b) What would 
you expect concerning the magnetic properties of such 
complexes of Ni(II)? 
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B.N. Figgis and M.A. Hitchman (2000) Ligand Field Theory and 
its Applications, Wiley-VCH, New York. 

M. Gerloch (1983) Magnetism and Ligand Field Analysis, 
Cambridge University Press, Cambridge. 

M. Gerloch and R.C. Slade (1973) Ligand Field Parameters, 
Cambridge University Press, Cambridge. 

D.A. Johnson and P.G. Nelson (1999) Inorganic Chemistry, 
vol. 38, p. 4949 — ‘Ligand field stabilization energies of the 
hexaaqua 3+ complexes of the first transition series’. 

A.F. Orchard (2003) Magnetochemistry, Oxford University 
Press, Oxford — A general account of the subject. 

E.I. Solomon and A.B.P. Lever, eds (1999) Inorganic Electronic 
Structure and Spectroscopy, Vol. 1 Methodology; Vol. 2 
Applications and Case Studies, Wiley, New York. 


21.10 (a) What do you understand by the nephelauxetic 
effect? (b) Place the following ligands in order of 
increasing nephelauxetic effect: H,O, I”, F`, en, [CN], 
NH3. 


21.11 Discuss each of the following observations: 
(a) The [CoCl,]?~ ion is a regular tetrahedron but 
[CuCl,]?” has a flattened tetrahedral structure. 
(b) The electronic spectrum of [CoF¢]*~ contains two 
bands with maxima at 11 500 and 14500 cm™!. 


21.12 The 3p” configuration of an Si atom gives rise to the 
following terms: 'So, `P2, °P1, °Po and 'D>. Use Hund’s 
rules to predict the relative energies of these terms, giving 
an explanation for your answer. 


21.13 With reference to the °F, !D, °P, !'G and !S terms of a d° 
configuration, explain how you can use term symbols to 
gain information about allowed electronic transitions. 


21.14 What term or terms arise from a d!° configuration, and 
what is the ground state term? Give an example of a first 
row d-block metal ion with this configuration. 


21.15 What are the limitations of the Russell-Saunders 
coupling scheme? 


21.16 Deduce possible J values for a °F term. What is the 
degeneracy of each of these J levels, and what happens 
when a magnetic field is applied? Sketch an energy level 
diagram to illustrate your answer, and comment on its 
significance to EPR spectroscopy. 


21.17 In an octahedral field, how will the following terms split, 
if at all: (a) °D, (b) °P and (c) °F? 


21.18 (a) Set up a table of microstates to show that the ground 
term for the d! ion is the singlet 7D. What are the 
components of this term in a tetrahedral field? (b) Repeat 
the process for a d ? ion and show that the ground and 
excited terms are the °F and °P. What are the components 
of these terms in tetrahedral and octahedral fields? 


21.19 (a) On Figure 21.21, convert the wavenumber scale to nm. 
(b) Which part of the scale corresponds to the visible 
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range? (c) What would you predict are the colours of 
[Ni(OH)¢|°* and [Ni(NH3)¢]°*. (d) Are the spectra in 
Figure 21.21 consistent with the relative positions of HO 
and NH; in the spectrochemical series? 


21.20 (a) How many ‘d-d’ bands would you expect to find in 
the electronic spectrum of an octahedral Cr(II) complex? 
(b) Account for the observation that the colour of trans- 
[Co(en) F3] is less intense than those of cis-[Co(en)F5|* 
and trans-[Co(en)2Cl,]*. 


21.21 Comment on the following statements concerning 
electronic spectra. 
(a) [OsCl,]*> and [RuCl? exhibit LMCT bands at 282 
and 348 nm, respectively. 
(b) [Fe(bpy)3]°* is expected to exhibit an MLCT rather 
than an LMCT absorption. 


21.22 Rationalize why the absorption spectrum of an aqueous 
solution of [Ti(OH>)¢]°* (stable under acidic conditions) 
exhibits two well-separated bands (430 and 650 nm) 
assigned to ‘d-d’ transitions, whereas that of an aqueous 
solution of [Ti(OH>),}** consists of one absorption 
(\max = 490 nm) with a shoulder (580 nm). 


21.23 Describe how you could use Figure 21.23 to determine 
Aoct and the Racah parameter B from the energies of 
absorptions observed in the spectrum of an octahedral d? 
ion. What are the significant limitations of this method? 


21.24 The electronic spectrum of [Co(OH>),]°* exhibits bands 
at 8100, 16000 and 19400 cm 1. (a) Assign these bands to 
electronic transitions. (b) The value of Ao. for 
[Co(OH>)]°* listed in Table 21.2 is 9300 cm™'. What 
value of Aoct would you obtain using the diagram in 
Figure 21.23b? Why does the calculated value not match 
that in Table 21.2? 


21.25 Values of the Racah parameter B for free gaseous Cr**, 
Mn** and Ni?” ions are 918, 960 and 1041 cm™!, 
respectively. For the corresponding hexaaqua ions, values 
of B are 725, 835 and 940 cm '. Suggest a reason for the 
reduction in B on forming each complex ion. 


21.26 Find x in the formulae of the following complexes by 
determining the oxidation state of the metal from the 
experimental values of uefe: (a) [VCl,.(bpy)], 1.77 ug; 

(b) K,[V(ox)3], 2.80 ug; (©) [Mn(CN)g,]*~, 3.94 up. What 
assumption have you made and how valid is it? 


21.27 Explain why in high-spin octahedral complexes, orbital 
contributions to the magnetic moment are only important 
for d', d*,d® and d” configurations. 


21.28 The observed magnetic moment for K3[TiF¢] is 1.70 jp. 
(a) Calculate p(spin-only) for this complex. (b) Why is 
there a difference between calculated and observed 
values? 


21.29 Comment on the observations that octahedral Ni(II) 
complexes have magnetic moments in the range 2.9-3.4 
Lp, tetrahedral Ni(II) complexes have moments up to 
= 4.1 ug, and square planar Ni(II) complexes are 
diamagnetic. 


-Block metal chemistry: coordination complexes 


21.30 For which of the following ions would you expect the 
spin-only formula to give reasonable estimates of the 
magnetic moment: (a) [Cr(NH3)¢}°*. (b) [V(OH3)6°*. 
(c) [CoF,]* ? Rationalize your answer. 


21.31 Which of the following ions are diamagnetic: 
(a) [Co(OHa)6}**, (b) [CoF]*, (©) [NiF], 
(d) [Fe(CN)«}*, (e) [Fe(CN)]", (© [Mn(OH2)¢]"*? 
Rationalize your answer. 


21.32 (a) Using data from Appendix 6, plot a graph to show 
how the ionic radii of high-spin, 6-coordinate M°” ions of 
the first row of the d-block vary with the d” configuration. 
Comment on factors that contribute to the observed 
trend. (b) Briefly discuss other properties of these metal 
ions that show related trends. 


21.33 Values of Ao. for [Ni(OH}),|°* and high-spin 
[Mn(OH;)<,]** have been evaluated spectroscopically as 
8500 and 21 000cm”! respectively. Assuming that these 
values also hold for the corresponding oxide lattices, 
predict whether Ni! Mnt O; should have the normal or 
inverse spinel structure. What factors might make your 
prediction unreliable? 


21.34 Discuss each of the following observations: 

(a) Although Co** (aq) forms the tetrahedral complex 
[CoCl4] on treatment with concentrated HCl, 
Ni? (aq) does not form a similar complex. 

(b) E° for the half-reaction: 
[Fe(CN),]*> +e7 = [Fe(CN),]*~ depends on the pH 
of the solution, being most positive in strongly acidic 
medium. 

(c) E° for the Mn**/Mn?* couple is much more positive 
than that for Cr°*/Cr** or Fe**/Fe**. 


O er ie problems 


21.35 (a) Explain clearly why, under the influence of an 
octahedral crystal field, the energy of the d.2 orbital is 
raised whereas that of the d,, orbital is lowered. State 
how the energies of the other three d orbitals are 
affected. With respect to what are the orbital energies 
raised or lowered? 

(b) What is the expected ordering of values of A, for 
[Fe(OH3)6]", [Fe(CN),]*~ and [Fe(CN),]*? 
Rationalize your answer. 

(c) Would you expect there to be an orbital contribution 
to the magnetic moment of a tetrahedral d complex? 
Give an explanation for your answer. 


21.36 (a) Which of the following complexes would you expect 
to suffer from a Jahn-Teller distortion: [Cr] "7, 
[Cr(CN),]*. [CoF,]* and [Mn(ox);]*? Give reasons 
for your answers. 

(b) [Et4Nh[NiBr4] is paramagnetic, but K,[PdBry] is 
diamagnetic. Rationalize these observations. 

(c) Using a simple MO approach, explain what happens 
to the energies of the metal d orbitals on the formation 
of a o-bonded complex such as [Ni(NH3),]°. 


Chapter 21 e Problems 685 


21.37 Ligand 21.12 forms an octahedral complex, for these observations and draw structures for the 
[Fe(21.12);/°*. (a) Draw diagrams to show what isomers complexes, commenting on possible isomerism. 
are possible. (b) [Fe(21.12)3]Cl, exhibits spin crossover at 


mis 1 7 $ 
120K. Explain clearly what this statement means. 21.39 (a) A Kotani plot for the t, configuration consists of 


a curve similar to that in Figure 21.27, but levelling 
off at fer ~ 1.8ug when kT/ ~ 1.0. Suggest two 


i metal ions that you might expect to possess room 
Z NB, temperature values of Hef (i) on the near horizontal 

N part of the curve and (ii) on the steepest part of the 
(21.12) curve with jeg < 0.5. For the four metal ions you 


have chosen, how do you expect [Ug to be affected by 
an increase in temperature? 

(b) Classify the following ligands as being o-donor only, 
m-donor and z-acceptor: F, CO and NH3. For each 
ligand, state what orbitals are involved in ø- or 7-bond 
formation with the metal ion in an octahedral 
complex. Give diagrams to illustrate the overlap 
between appropriate metal orbitals and ligand group 


21.38 (a) The values of £max for the most intense absorptions in 
the electronic spectra of [CoClyP~ and [Co(OH3)6P* 
differ by a factor of about 100. Comment on this 
observation and state which complex you expect to 
exhibit the larger value of Emax. 

(b) In the electronic spectrum of a solution containing 
[V(OH>)}**, two bands are observed at 17200 and 
25600cm~'. No absorption for the ? Ang = 37 ,,(F) 


eee ; orbitals. 
transition is observed. Suggest a reason for this, and 
assign the two observed absorptions. 21.40 (a) Explain the origins of MLCT and LMCT absorptions 
(c) Red crystalline [NiCl, (PPh) CH,Ph),] is diamagnetic. in the electronic spectra of d-block metal complexes. 
On heating to 387 K for 2 hours, a blue-green form of Give examples to illustrate your answer. 
the complex is obtained, which has a magnetic (b) Explain what information can be obtained from a 


moment of 3.18u4g at 295K. Suggest an explanation Tanabe-Sugano diagram. 


